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Effects of Global Change on Net Ecosystem Carbon Flux of Arctic Tussock Tundra

W. C. Oechel
Department of Biology, San Diego State University, San Diego, California, U.S A.

ABSTRACT

Arctic ecosystems contain vast quantities of carbon as soil organic matter and,
depending on future climatic conditions, have the potential to act as major sources
or sinks for atmospheric CO3. Cold, moist soils and the presence of permafrost
allow increased ecosystem production following global change to be stored on a
continuing basis over long periods of time. Arctic ecosystems are one of the few
ecosystems capable of long-term increased carbon storage. On the other hand,
increases in the depth of the active layer, melting of the permafrost, and/or
decreases in soil moisture could result in increased rates of soil decomposition and
net COj efflux from the tundra.

Recent evidence indicates that tussock tundra is curreatly losing substantial car-
bon, possibly in response to warming and drying of arctic soils within the last cen-
tury. At Toolik Lake, Alaska, the rate of net CO2 loss from the tundra is on the
order of 3 g m-2 d-1. This rate of loss, if occurring over the circumpolar arctic,
could account for the net loss of 0.1 to 0.2 x 109 metric tons of carbon per year
from tussock tundra alone.

Field manipulations and phytotron experiments indicate that the response of net
primary production or net ecosysiem carbon assimilation of tussock tundra to ele-
vated CO» is limited by environmental conditions in the arctic. However, the com-
bination of elevated atmospheric CO; and increased air temperature can result in a
major increase in net primary production and net ecosystem carbon sequestering in
tussock tundra.

Global change could cause the arctic to contribute up to 55 x 109 metric tons of
soil carbon to the atmosphere. On the other hand, conditions of elevated CO2 and a
moist, poorly aerated soil horizon, could result in long-term carbon sequestering
and negative feedback on the rise of atmospheric CO». Likely effects depend on the
nature of global change and the areas of arctic tundra consicered.
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The Role of Tundra and Taiga Systems in the Global Methane Budget

W. S. Reeburgh and Stephen C. Whalen
Institute of Marine Science, Unive ‘sity of Alaska Fairbanks, Fairbanks, Alaska, U.S.A.

ABSTRACT

Tundra and boreal forest soils contain some 30% of the terrestrial soil carbon
reservoir, A large fraction of this soil carbon is immobilized in permafrost and peat.
This soil carbon reservoir could be susceptible to biogeochemical conversion to
CO; and CH4 under warmer, wetter climate. Both of these gases are radiatively
active; and could be responsible for a positive climate feedback.

We performed weekly measurements of CHy flux at permanent sites to evaluate
the importance of tundra and taiga systems in the present global CH4 budget and to
gain insights into the processes important in modulating emissions -under present
and modified climate. Our CH4 flux time-series at tundra sites in the UAF Arbo-
retum covers over 3.5 years and indicates that water table level, transport by vas-
cular plants and microbial oxidation at the water table are important in modulating
tundra CHy4 emissions. Emission of CHjy essentially ceases during frozen periods.
Our study at peninanent taiga sites covers less than one year. All taiga sites con-
sumed atmospheric methane in fall 1989, indicating that these soils could be a sink
for atmospheric CHg during part of the year.

Integrated annual emission from the seasonal time-series measurements and
results from a detailed survey along the Trans-Alaska Pipeline Haul Koad led to
independent estimates of the global tundra CH4 flux of 19-33 and 38 Tg yrl,
respectively. The road transect estimate for the global taiga CHy contribution is 15

Tg yrlL
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The In:fiuence of Sea Ice on the Structure and Function
of Southern Ocean Ecosystems

C. W, Sullivan

Department of Biological Science., University of Southern California, Los Angeics, California, U.SA.

ABSTRACT

The presence of sea ice and its seasonal dynamics has a profound influence on
plants and animals that inhabit the Southem Ocean. Sea ice is a habitat for organ-
isms at all trophic Ievels. The ice habitat covers approximately 20 million square
kilometers of the sea surface during the austral winter, but is rapidly and dramat-
ically reduced by 80% during the ensuing spring and summer. These dynamic pro-
cesses characteristic of the physical environment result in cyclic changes in the
horizontal and vertical distributions of the biomass and activities of organisms.
Most notable among these changes are the spatial and temporal characteristics of
productivity and the coupled process of scdimentation. These changes may in turn
influence both tropho-dynamic relationships and biogeochemical cycles of matter
that are unique to the polar regions of the world ocean. The presumed sensitivity of
the sea ice ecosystem to global warming suggests that it may be an early indicator
of both physical and biological oceanographic c.-nsequences of global change.
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Methane Emissions from Alaska Arctic Tundra
in Response to Ciimatic Change

Gerald P. Livingston and Leslie A. Morrissey
TGS Technology, Inc., NASA Ames Research Center, Earth Systems Science Division, Moffett Field, California, U.S.A.

’

ABSTRACT

— In situ observations of methane emissions from the Alaska North Slope in 1987
and 1989 provide insight into the environmental interactions regulating methane
emissions and into the local- and regional-scale response of the arctic tundra to in-
terannual environmental variability. Inferences regarding climate change are based
on in situ measurements of methane emissions, regional landscape characterizations
derived from Landsat Multispectral Scanner satellite data, and projected regional-
scale emissions based on observed interannual temperature differences and simulat-
ed changes in the spatial distribution of methane emissions.

Our results suggest that biogenic methane emissions from arctic tundra will be
significantly perturbed by climatic change, leading to warmer summer soil
temperatures and to vertical displacement of the regional water table. The effect of
increased soil temperatures on methane emissions resulting from anaerobic de-
composition in northern wetlands will be to both increase total emissions and to in-
crease interannual and seasonal variability. The magnitude of these effects will be
determined by those factors affecting the areal distribution of methane emission
rates through regulation of the regional water table. At local scales, the observed
4.7°C increase in mid-summer soil temperatures between 1987 and 1989 resulted in
a 3.2-fold increase in the rate of methane emissions from anaerobic soils.The ob-
served linear temperature response was then projected to the regional scale of the
Alaska North Slope under three environmental scenarios. Under moderately drier
environmental conditions than observed in 1987, a 4°C mid-summer increase in
soil temperatures more than doubled regional methane emissions relative to the
1987 regional mean of 0.72 mg m-2 hr-1 over the 88,408 km2 study area. Wetter en-
vironmental conditions led to a 4- to 5-fold increase in mid-summer emissions.
These results demonstrate the importance of the interaction between the relative
areal proportion of methane source areas and the magnitude of summer substrate
temperatures in determining whether emissions from decomposition processes in
northern ecosystems represent a significant global source and a potential positive
feedback to climatic change.

INTRODUCTION as carbon dioxide (CO,), methane (CHy), and nitrous oxide

The northen high latitudes face a potentially un- (N20) [Bolin et al., 1986; Dickinson and Cicerone, 1986;
precedented rale of climatic warming as a direct con- Ramanathan et al., 1987}. As a direct result of the past and
sequence of global increases over the past century in the anticipated continued atmospheric inputs of these "green-
atmospheric concentrations of infrared-absorbing gases such house gases,” curmrent global circulation models project that




mean annual temperatures for the Arctic may increase be-
tween 3-8°C within the next century {Hansen et al., 1988;
Post, 1990]. This climatic change is expected to result in
earlier spring thaws, longer growing seasons, and 2-4°C
elevated summer temperatures. Precipitation patterns may
also change, although current projections are still highly un-
certain. If these organic-rich and temperature-limited
ecosystems [Chapin, 1984] respond to climatic change by
releasing substantially greater quantities of CO, and CHy,
the climatic warming trend may be enhanced [Lashof, 1989]
and the global carbon cycle significantly affected [Miller,
1981, Billings, 1987].

Empirical and atmospheric modelir g studies irdicate that
the northern high latitude wetlands may represent one of the
largest natural sources of CHy globally as a result of season-
al anaerobic microbial decomposition of organic materials
in the active thaw layer. More than half of the wetlands areu
of the earth lies in the boreal region north of 50°N latitude
[Matthews and Fung, 1987; Aselmann and Crutzen, 1989]
and over 20% of the earth's total organics may be stored in
these ecosystems as fiozer or recalcitrant materials in the
soils and peats [Post et al., 1985; Gorham, 1988]. Seasonal
CH4 emissions from these ecosystems are estimated to cur-
rently account for 6-10% of all CHy sources and 16-63% of
all natural wetland sources [Aselmann and Crutzen, 1989].
If subjected to climatic warming, these ecosystems may re-
spond by releasing substantially greater quantities of carbon
to the atmosphere as a consequence of increased rates of de-
composition operating over longer seasons of biclogical
activity and on increasing quantities of organic materials as
the permafrost thaws. Examiration of arctic methane emis-
sions under variable interannual meteorological conditions
may provide insight into the response of northem
ecosystems to anticipated climatic change.

In this paper we address observed and projected CHy
emissions from arctic tundra in relation to anticipated cli-
maticaily induced changes in soil temperature and water
table position. Our conclusions are based upon measured in
situ CH4 emissions during the summers of 1987 and 1989
from the North Slope of Alaska, regional land cover char-
acterizations derived from satellite observations, and es-
timated regional-scale emissions derived from observed
interannual temperature differences and simulated changes
in water table position.

METHODS

The region of study is an 88,408 km2 area representative
of the Arctic Coastal Plain and Foothill provinces of the
Alaska North Slope (Figure 1). Estimates of mid-summer
regional CH4 emission rates for select climatic scenarios
were derived through integration of satellite-based land
cover characterizations and in situ observations of CHy
emissions from early August of 1987 and 1989.

At the regional scale, digital classifications of Landsat
Multispectral Scanner (MSS) data [Morrissey and Ennis,
1981; Walker et al., 1982] defined the 1and cover categories
and their relative areal proportions subsequently used to cal-
culate regional emission estimates. The spectrally based
classification corresponded to vegetation type and density as
well as to the presence or absence of surface water. These
land cover classes nominally represented "Dry Tundra,”
"Moist Tundra,” "Wet Tundra,” "Very Wet Tundra,” and

"Water" at 50 m?2 spatial resofution.

In situ sample allocations differed between 1987 and
1989. In 1987 the allocation was defined to regionally repre-
sent both the Arctic Coastal Plain and Arctic Foothills
physiographic provinces of the North Slope. More specif-
ically, each land cover class was sampled in proportion to its
relative areal representatinn and to anticipated variances in
emissions at the regional scale. Within each site sampled, a
secondary allocation represented the microtopography and
location of the local water table relative to the surface on a
spatial scale of approximately 0.5 m2. Ten microtopo-
graphic features were identified for sampling, e.g., "low cen-
ter polygonal basins,” "rims," "troughs,” "sedge meadows,"
"high centered polygonal basins,” "frost boils,” “sedge tus-
socks,” "inter-tussock areas,” "lake-over emergent vegeta-
tion," and “lake-open water." The location of the water table
was categorized as "below" (z < -5 cm), "at" (-5>z <0 cm),
or "above" (z > 0 cm) the surface. In tota!, the arca of study
was represented by 122 emissions observations representing
57 spatially independent sites. Additional details of the sam-
ple allocation are given in Morrissey and Livingston [1991].

The regional mean rate of CH,4 emissions (F) was
estimated on the basis of a two-iiered stratified approach
[Cochran, 1953] usuig the relative areal proportions of the
local and regional categorizations as the weighting terms:

m n
F=3 Yifi) n
i=1j=1

where pjj represents the relative areal propertion of land
cover class i and local-scale mxcrotopographxc feature j, and
fij the measured rate of CHy emissions.

In 1989, the sample allocation was defined to assess the
seasonal variability in emissions at anaerobic (waterlogged)
organic sites on the Arctic Coastal Plain, Only data from the
two years that were complemental in time (August 1-14)
were included in this analysis, To estimate regional-scale
emissions for 1989, we initially assumed no net change in
the vegetation or hydrological regimes at the regional scale
of the North Slope between 1987 and 1989, As such, in this
"reference scenario,” differences in estimated regional-scale
emissions over the 3-year period reflect only cbserved inter-
annual differences in the rates of emissions at the local
scale. The 1989 CH4 emission rates for each land cover
class were thus calculated as:

W (Z1987) (V)

where Z represents the ecosystem CHy emissions rate and ¢
the in situ emission rate from anaerobic organic soils.

The sensitivity of regional CH4 emissions to interaction
between the observed interannual differences in the emis-
sion rates and changes in the areal representation of the
methane source areas was explored in a simulation exercise
and subsequently interpreted in light of the potential impacts
of climatic change. Two scenarios were examined in addi-
tion to the reference scenario described above. "Dry” and
"Wet" environmental conditions were simulated by as-
suming arbitrary shifts in the relative areal proportions of
the regional land cover classes. The "Dry" climate scenaric




was simulated by a 1/3 proportional loss in inundated
surface area over the North Slope, represented as a shift
from "Very Wet Tundra” to "Wet Tundra,” "Wet Tundra" to
"Moist Tundra,” and "Moist Tundra” to "Dry Tundra." In
the "Wet" climate scenario, an increase in surface in-
undation was simulated by a 1/3 areal proportional shift
from "Wet Tundra" to "Very Wet Tundra” only. The areal
extent of well-drained soils ("Moist Tundra") was assumed
to be unaffected by a mcuzrate elevation of local water
tables. Similarly, the areal proportion of impounded lakes
("Water") was assumed unchanged in both the "Dry" and
"Wet" scenarios.

Hydrology plays a major role in defining arctic
ecosystem structure and function, thus providing the basis
for the scenarios examined. Over large areas of arctic tun-
dra, topography is known to vary on a scale of centimeters
to meters. In such areas, even moderate vertical ¢ s-
placement of the local water table on seasonal to decadal
time scales can result in substantial shifts in the areal extent
of inundated (anaerobic) and drained (aerobic) substrates.
The significance of this lies in the well-documented cor-
respondence between the position of the local water table
relative to the surface and microtopographic relief, substrate
temperature profiles, nutriert and organic contents, eco-
system composition and productivity, and the mode (acrobic
vs. anaerobic) of organic degradation {Bunnell et al., 1980;
Webber et al., 1980; Walker, 1985). Moreover, the position
of the local water table in these ecosystems has been direct-
ly related to the processes of CO, and CHy4 production, up-
take, and release to the atmosphere [Peterson et al., 1984;
Svensson and Rosswall, 1984; Sebacher et al., 1986; Crill et
al, 1988; Conrad, 1989; Moore and Knowles, 1989;
Morrissey and Livingston, 1991].

Emissions Measurementy

In situ measurements of CH,4 emissions were made using
enclosed chambers deployed over a 15- to 30-minute period
within which the atmospheric concentration of CH4 was
mcnitored over time. Samples were collected in 10-ml glass
syringes and analyzed within 12 hours using isothermal gas
chromatography and a flame ionization detector. Net rate of
emissions was calculated as the average rate of change in
CHj4 concentration within the chambers normalized for the
molar volume of the chambers at the ambient near-surface
temperature. The minimal detectable rate of emissions »*c¢-
aged less than 0.14 mg CHs m-2 %!, Details of the sam-
pling protocol and analysis are given in Morrissey and
Livingston [1991).

RESULTS
Observed Interannual Differences

Summier temperature regimes for the North Siope dif-
fered significantly between 1987 und 1989, Whereas mean
monthly air temperatures at Prudhoe Bay for July and
August of 1987 differed little from the 30-year mean, 1989
temperatures represented record highs [NOAA, 1987, 1989].
Mid-summer (July and August) mean daily air temperatures
averaged 7.7 and 11.8°C in 1987 and 1989 respectively. By
mid-August, cumulative daily temperatures above 0°C for
the two years differed by nearly 600 degree-days (713 com-
pared to 1302°C-da in 1989). Soil temperatures in anaesobic
soils also differed significantly at 10 cm depths, averaging
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Figure 1. The Alaska North Slope. Regional estimates of emis-
sions were calculated for that area (88,408 km?2) represented by
Landsat MSS digital data (shaded).

Emission Rate (mg CH, m "'y
g o 3 B F 3

»~
H

0 2 4 [ 8 10 12 14 16
Temperature (°C) at 10 cm Depth

Figure 2. Mid-summer rates of methane emissions from anaerobic
organic soils as a function of substrate temperatures at 10 cm

depth. Filled symbols represent spatially independent observations
over August 1-13, 1987; open symbols represent the average be-
tween spatially paired obscrvations between August 2-4 and
August 9-11, 1989.

4.7 and 9.4°C in 1987 and 1989. Mid-summer thaw depths
ranged mostly between 35 and 45 cm with no clear relation
to coincident soil temperatures at 10 cm depths and no
measurable difference between years (p > 0.2; t-test).

Mid-summer rates of CH; emissions from anaerobic
{waterlogged) organic soils on the North Slope were linearly
related to ambient substrate temperatures at 10 cm depths
both within and between years (Figure 2). As a con-
sequence, local-scale rates of emissions differed dramat-
ically between the summers of 1987 and 1989. Over the
total observed temperature range of 3.1 to 14.9°C, CHy
emissions (E) from anaerobic organic soils ranged bctween
1.6 and 23.6 mg m2 hr! corresponding o a temperature
(T°C) response from spatially independent sites of: E =
1.590T - 6.094, 12 = 0.77, n = 24. Local-scale methane emis-
sions from anaerobic sites in early August of 1989 were
over four times greater than in 1987, averaging 11.7 mg m-2
hrl, 14 std. err.,n=9 and 2.8 mgm-2 hr!, 0.3 std. e, n =
17 respectively. Within 1989, emission rates for repeatedly
observed sites also demonstrated a temperature response be-
tween the first and second weeks of August (p=0.0001,
paired t-test, n=9), averaging 9.1 and 14.4 mg m2 hr! on
7.7 and 11.1°C soils. As expected, the relation between
depth of thaw and emission rates was poorly defined (2 =
0.24, p=0.03).




Reference  “Dry” “Wet”
CLASS Climate Climate Climate
DRY TUNDRA 0 0.204 0
MOIST TUNDRA 0.618 0479 0.618
WET TUNDRA 0.196 0.161 0.131
VERY WETTUNDRA  0.089 0.060 0.154
WATER 0.098 0.098 0.098

Table 1. Areal proportions of Landsat MSS land cover classes
used in the calculation of Alaska North Slope regional CH,4 emis-
sions under observed and simulated climatic regimes.

1987 1989 1989
CLASS Lower Upper
Estimate Estimate
DRY TUNDRA 0 0 0
MOIST TUNDRA 0.39 0.39 1.59
WET TUNDRA 1.02 4.17 417
VERY WET TUNDRA 259 10.58 10.58
WATER 047 047 1.92
NORTH SLOPETOTAL 0.72 2.05 293

Table 2. Mid-summer methane emission rates for Landsat MSS
land cover classes used in the calculation of North Slope regional
emissions under the reference scenario. Units of emission are in
mg CHy m-2 hrl. Total area represented is 88,408 km?2.

Projected Regional-Scale Emissions

Simulation parameters and results of the 1987 and 1989
regional emissions estimates and climatic change simula-
tions are summarized in Tables 1 and 2, and Figure 3.
Local-scale mid-summer emission rates were based upon ac-
tual 1987 and 1989 observations. Regional (88,408 km?2)-
scale projections are based upon three water table scenarios
derived from the Landsat MSS regional chatacterization.
Regional-scale 1987 mid-summer CHy emissions from the
North Slope totaled 63,654 kg hr-l, averaging 0.72 mg CHy
m-2 hr-1, Under the assumption of no change in the regional
water table (the reference scenario), mid-summer 1989
regionally averaged emissions were estimated between 2.05
and 2.93 mg CH4 m2 hr! (Figure 3, lines b and c). This
represents the potential for a more than doubling in CH,4
emission rates at the regional scale for only a 2°C increase
in mid-summer substrate temperatures at 10 cm depth. Both
poorly and well-drained land cover classes are expected to
contribute io the increased regional emissions at the higher
substrate temperatures, although their relative contributions
are temperature dependent. Given substrate temperatures
comparable to those observed in 1989, "Moist Tundra,”
"Wet Tundra,” and "Very Wet Tundra" are expected to
contribute approximately equally (34, 28, and 32% re-
spectively) to the regional emissions total despite a more
than 2-fold difference in their relative areal proportions
(Table 1).

Because of its vast areal extent both on the Alaska North
Slope (Table 1) and globally, "Moist Tundra" will play a
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Figure 3. Mean mid-summer regional-scale methane emission
rates projected for the Alaska North Slope. Solid lines (b and c)
represent and lower projected emissions based upon ob-
served 1987 and 1989 ecosystem parameters (reference scenario).
Dashed lines t projected emission rates under simulated
"Wet" (a) and "Dry" (d) climatic regimes.

significant role in the arctic response to climatic change.
The interaction between areal extent and emission rates for
"Moist Tundra" is demonstrated in the range of the pro-
jected regional emissions estimates in the referencs :cenario
(Figure 3, lines b and c). The difference in the zegional
estimates is due almost entirely to uncertainty in the emis-
sions response of "Mois. Tundra” to increased temperatures
(Table 2). The lower estimate for the 1989 reference
scenario assumes that carbon limitations and microbial CH,
consumption from the shallow organic and acrobic soils
characterizing "Moist Tundra” will result in no net increase
in CH4 emission rates even under warmer environments, No
increased emission rates from "Water” is also assumed. The
upper estimate for the reference scenario assumes that the
CH,4 emissions-temperat.ure response of "Moist Tundra” will
be proportionally similar to the more anaerobic and organic-
rich classes characteristic of the Coastal Plrin. Emissions
from "Water" also may be expected to increase under warm-
er environments, perhaps in response to increased ebullition
transport of CHy to the surface. However, in a regional con-
text, "Water" represents less than 10% of the total area, and
combined with its low emission rate, is expected to contrib-
ute only about 6% of the regional CH4 emissions totz2] even
under warm environments.

The interaction between substrate temperatures and the
relative areal proportion of inundation is critical in de-
termining both regional and annual CH4 emissions. As both
factors vary on seasonal and interannual scales, so will
regional CH,4 emissions. For example, if midsummer sub-
strate temperatures differ little from those observed in 1987,
regional CH4 emission rates are not expected to vary greatly
even with moderate changes in the areal distribution of the
contributing land cover classes. Projected regional CH,4
emission rates for "Dry" and "Wet" scenarios at 4.7°C
(1987) substrate temperatures are between 0.55 and 0.82 mg
m-2 hr! (Figure 3, lines a and d), representing about a 50%
range. The difference in regional CH4 emission rates under




"Dry" and "Wet" environments are projected to increase
lingarly thereafter with increased substrate temperatures.
Subject to a doubling in temperatures at 10 cm depth, as ob-
served between 1987 and 1989, regional CHy emissicrs
rates could vary between 1.53 and 3.34 mg m-2 hr! de-
pending on whether the "Dry” or "Wet" scenario is realized.
This represents more than a 2-fold increase in emission rates
from arctic tundra even under drier environmental condi-
tions than observed in 1987. Moderately wetter conditions
could result in a 4.6-fold increase in regional CH4 emissions
rates.

DISCUSSION

Methane emissions from the northern high latitudes will
be significantly perturbed by climatic changes, leading o
warmer mid-summer substrate temperatures and to changes
in the areal distribution of the CHy source areas resulting
from vertical displacement of the regional water table, The
effect of increased soil temperatures on CH4 emissions re-
sulting from anaerobic decomposition in northern wetlands
will be two fold. If soil temperatures at 10 cm depth are in-
creased 2-4°C above observed 1987 temperatures, CH,4
emission rates are expected to increase several fold. The
magnitude of the increase at the regional scale, however,
will be determined by the relative areal representation of the
sources and sinks. Even under moderately drier environ-
mental conditions, the rate of CH, emissions at the regional
scale could more than double. The interaction between sub-
strate temperature and areal contributions are expected also
to significantly increase the variability in CH4 emissions on
seasonal and interannual time scales.

Currently, in situ observations on the interannual var-
iability of CH4 emissions from northern ecosystems are lim-
ited [Whalen and Reeburgh, 1988], yet the results presented
here .“ow that an understanding of the magnitude of this
variability may be an integral component in assessing the
role of CHy emissions in climatic change. The critical fac-
tors in estimating regional-annual CH, emissions are the re-
gional and seasonal characterization of CH4 emission rates
and the length of the growing season. Projections based
upon in situ observations from the Alaska North Slope in
1987 and 1989 indicate that interannual differences in mid-

summer regional CHy emission rates may approach a factor
of 3 due to temperature differences alone. Variability in the
spatial distribution of CH,4 emissions due, for example, to
interannual differences in the amount or timing of summer
precipitation is expected to increase this interannual var-
iability in CH4 emissions even more, perhaps to a factor of 4
to 5 relative to 1987 emissions.

Interannual variability in regional CHy4 emissions related
to increased soil temperatures were found to exceed ex-
pected variability in emissions due to the length of the grow-
ing season. Thirty-year climate records [Tieszen et al.,
1680] indicate that thaw season lengths vary by only a fac-
tor of 2. Even ignoring seasonal temperature effects, this, at
most, contributes a factor of 2 to the interannual variability
in CHy4 emissicns. Although the global impact of climate-
related increases in growing season length is expected to he
significant [Lashof, 1989], these results demonstrate that the
magnitude of the summer soil temperatures in response to
climatic change may be far more significant in determining
the rate of CH,4 emissions in northern ecosystems.

Future CH4 emissions measurement and modeling efforts
must account for ecosystem spatial dynamics. Quantitative
and dynamic estimation approaches, integrating empirical or
process level correspondence between rates of emissions,
and environmental parameters with regional-scale character-
izations of ecosystem parameters will be required to fully
understand the magnitude and variability of CH4 emissions
on regional to global scales. The integration of in situ and
satellite-based observations demands further attention
towards that goal.
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ABSTRACT

The Toolik Lake research project in the foothills of the North Slope, Alaska, has
collected data since 1975 with funding from the NSF's Division of Polar Programs
and from the Long Term Ecological Research Program and Ecosystems Research
Program of the Division of Bintic Systems and Resources. The broad goal is to
understand and predict how ecosystems of tundra, lakes, and streams function and
respond to change.

One specific goal is to understand the extent of control by resources (bottom-up
control) or by grazing and predation (top-down control). The processes and re-
lationships are analyzed in both natural ecosystems and in ecosystems that have
undergone long-term experimental manipulations to simulate effects of climate and
human-caused change. These manipulations include the fertilization of lakes and
streams, the addition and removal of lake trout from lakes, the changing of the
abundance of arctic grayling in sections of rivers, the exclusion of grazers from tun-
dra, and the shading, fertilizing, and heating of the tussock tundra.

A second specific goal is to monitor year-to-year variability and to measure how
rapidly long-term change occurs. The measurements include: for lakes, measure-
ments of temperature, chlorophyll, primary productivity; for streams, nutrients,
chlorophyll on riffle rocks, insect and fish abundance, and water flow; and for the
tundra, amount of flowering, air temperature, solar radiation, and biomass.

A third specific goal is to understand the exchange of nutrients between land and
water. Measurements include the flow of water in rivers, the concentration of nitro-
gen and phosphorus in streams, lakes, and soil porewater, and the effect of vegeta-
tion on nutrient movement through the tundra soils. A dynamic model of nutrient
fluxes in the entire upper Kuparuk River watershed is being constructed that will
interact with geographically referenced databases. Eventually the model and pro-
cess information will be extrapolated to the larger region; this will allow prediction
of the export of nutrients from the whole of the North Slope of Alaska under future
conditions of changed temperature and precipitation.

INTRODUCTION (68°38'N, 149°43'W, 760 m) (Figure 1). The Toolik Lake
Description of Site. Field research is based at Toolik Research Camp is operated by the University of Alaska.
Lake, Alaska, in the northern foothills of the Brooks Range Tussock tundra is the dominant vegetation type but there are
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Figure 1. Location of arctic LTER research site at Toolik Lake,
Alaska.

extensive areas of drier heath tundra on ridge tops and other
well-drained sites as well as areas of river-bottom willow
communities,

The mean annual air temperature is -7°C and the total
precipitation 250-350 mmn.. The tundra is snow-free from
late May to mid-September while the sun is continuously
above the horizon from mid-May until late July. Lakes are
ice-free from mid- to late June until late September. The
entire region is underlain by continuous permafrost which
exerts a major influence on the distribution, structure, and
function of both terrestrial and aquatic ecosystems.

Terrestrial research in the Toolik area began in 1976 with
descriptive and baseline vegetation studies of many sites
along the length of the Dalton Highway and at Toolik Lake.
The next phase, research on the response of plants to dis-
turbances of pipeline and road construction, led to studies of
plant demography and population dynamics. From 1979 to
1982, plant growth and its controls were analyzed and a
number of long-term experiments (fertilization, light, tem-
perature) were set up. The present studies emphasize the soil
element cycling and have the goal of evaluating the lateral
N and P fluxes in soil water moving downslope across the
surface of the permafrost. Budgets of N and P for the vari-
ous ecosystems through which the water flows have been
developed and linked with a hydrologic model.

The primary focus of the streams research is the Kuparuk
River, a fourth-order stream where it crosses the Dalton
Highway (Figure 1). Intensive research on the Kuparuk
River began in 1978, and its water chemistry, flow, and
major species populations have been monitored for over 10
years. For much of this time, a section of the river has been
fertilized by the continuous addition of phosphate. Recently,
the abundance of the single type of fish in the river, the
arctic grayling, was manipulated in various sections of the
river to examine the effects of crowding and predation. In

1989, a monitoring program in Oksrukuyik Creek, a slightly
smaller third-order stream about 15 km to the northeast, was
begun with the intention of developing a long-term compari-
son and contrast with the Kuparuk River.

Toolik Lake has a surface area of 150 ha and a maximum
depth of 25 m. Research began in 1975 with surveys of the
biota, chemistry, and processes ranging from primary pro-
ductivity to nutrient budgets. Dozens of other nearby lakes
were also surveyed. In the 1980s the research concentrated
on the question of controls of populations, community struc-
ture, and processes. Large (60 m3) plastic bags were set up
for manipulations of nutrients and predators; entire lakes
and divided lakes were fertilized and lake trout, the top
oredator, removed and added to various lakes. More re-
cently the survey work has been extended to parts of the
Arctic coastal plain and Brooks Range, as well as the north-
em foothills region.

Gouls of the Toolik Lake Project are:

*To understand how tundra, streams and lakes func-
tion in the Arctic and to predict how they respond io
changes including climate change.

To reach this objective the project will:

*Determine year-to-year ecological variability in these
systems and measure long-term changes;

*Understand the extent of control by resources (bot-
tom-up control) or by grazing and predation (top-
down control); and

«Measure rates and understand the controls of the ex-
change of nutrients between land and water.

Long-term data sets. To keep track of the observations,
the Toolik Lake project maintains a computerized data base
at the Marine Biological Laboratory which contains a wide
variety of long-term data sets,

Kuparuk River: disctarge, NH4, NO3, PO4, temperature,
pH, conductivity, pCO,, seston (chlorophyll g, particulate
C, N, P), egilitiion (chlorophyll, primary production), insect
abundance (Orthocladius, Baetis, Brachycentrus, black
flies, small chironomids, drift density), grayling (growth of
aduits and young, population estimates), rate of N cycling
with 15N, major caticns and anions.

Toolik Lake: climate data (temperature, relative humidity,
wind, radiation), rain (volume, chemistry), lake temperature,
oxygen, light, lake level (continuous record), lake and in-
flow stream chemistry (NHg, NO3, POy), sedimentation
rates, chlorophyll a, primary production, zooplankton (com-
position, density), Lymnaea density, fish length and weight
(lake trout, sculpin, grayling, white fish).

Tundra: soil temperature, rain and nmoff nutrients, soil ex-
tract, resin bag data, 15N of plants, biomass (control plots,
fertilize, shade, greenhouse plots), vegetation production.

ECOLOGICAL VARIABILITY AND
LONG-TERM CHANGES

Terrestrial research. Can we detect lorg-term changes
in the arctic climate? Are terrestrial ecosystems chang-
ing in response? These questions are being addressed
through long-term monitoring and manipulation of both cli-
mate and key ecosystem processes. For example, growth
and flowering of Eriophorum vaginatum, one of the most
common and often dominant plant specics throughout the
Arctic, has been monitored at 34 sites along the climatic
gradient between Fairbanks and Prudhoe Bay since 1976.

The combination of these approaches has allowed us to
distinguish [Shaver et al., 1986] the effecis of annua!




variation in weather from broad regional differences in cli-
mate at two time scales: In the long term, we can show that
genetically based, ecotypic variation between populations
accounts for much of the variation in plant size and growth
rate that we observe in the field, and that this variation is
correlated with long-term average growing-season tem-
peratures. In the short-term, we can show that growth and
especially flowering vary uniformly from year to year over
most of Alaska, but these annual fluctuations are not clearly
correlated with annual variation in any climatic variable.
Short-term plant responses to climate must be strongly
"buffered,” or constrained, by other limiting factors such as
nutrient availability, and that longer-term responses are con-
strained genetically, Detection and explanation of multi-year
trends in plant growth in relation to climate, then, requires
linking climatic changes to changes in soil nutrient cycling
processes and nutrient availability.

Lake Studies. What are the long-term trends in pri-
mary productivity of arctic lakes and how are these
trends related to potential climate changes? In the con-
text of climatic change, the master variable for controlling
productivity appears to be temperature. Temperature regu-
lates weathering rates, decomposition, and the depth of thaw
in terrestrial ecosystems, all of which alter the flux of nu-
trients through tesrestrial landscapes and into lakes. Tem-
perature also regulates the strength and extent of thermal
stratification and thus the zone of highest productivity in the
lake,

Under the preseni climatic regime, algal primary pro-
ductivity is controlied by the amount of phosphorus entering
the lake which in turn is controlied by the amount of stream-
flow. In Toolik Lake there was a positive correlation (12 =
0.52) between 14 years of summer primary productivity and
the discharge of the nearby Kuparuk River [Miller et al.,
1986].

Stream Studies. What is the variability in annual water
discharge and nutrient flux from the Kuparuk
watershed and is there a discernible long-term trend re-
lated to climatic change? The flow of water through the
landscape affects many key biogeochemical processes that
will potentially change if the hydrologic cycle is significant-
ly changed by either long-term trends or changing annual
variability in discharge. For example, increased water flow
will likely increase weathering rates of soils in the
watershed and increase the export of dissolved cations,
anions, nutrients and dissolved organic materials from land
to rivers and lakes. Higher discharge will also lead to greater
streambank erosion which captures peat. When discharge is
low, the flux of materials from land to water is decreased
and the balance between autotrophic and heterotrophic pro-
cesses in streams and lakes is probably shifted in favor of
autotrophy. If climatic change does change either the
amount of water flow through arctic watersheds or the tim-
ing of these flows, we expect large changes in nutrient flux-
es and in biotic activity in rivers, Qur monitoring program is
designed to document these changes.

CONTROL BY RESOURCES VS. CONTROL BY
GRAZING AND PREDATION
Terrestrial Studies. What is the relative importance of
changes in air temperature, changes in light intensity
(due to changes in cloudiness), and changes in soil nutri-

% OF NPP
N“J‘%SRQ\/ARY : ™
NE ! M .
250 7 PRODUCTION ‘°: FERTILIZED
200+ i 1 ’;E .I

.....

GREENHOUSE
o~ 150+

»
o 83 5 88 8

GREENHOUSE
100 FERTILIZED

"
» % & % 8

CT F GHGHF SH

SHADE

8 8 8

o 3 8 8

RAMINOID
DECIDUOUS
EVERGREEN

Figure 2. Effects of nine-year field treatments on net primary pro-
duction and plant growth form composition in moist tussock tundra
at Toolik Lake, Alaska. Symbols: CT = control; F = fertilized
(N+P); GH = greenhouse; GHF = greenhouse + fertilizer; SH =
shaded. Vestical lines are £ 1 S.E. (n=4).

ent availability on terrestrial ecosystems, and how might
these changes interact? In a series of short- and long-term
experiments that began in 1976, we have manipulated air
temperature by building small greenhouses over the tundra,
light intensity by shading, and nutrient availability by fer-
tilization. Changes in nutrient availability have effects on
productivity and composition of tundra vegetation that are
far greater than changes in either air temperature or light
(Figure 2). The main effect of increased air temperature is to
speed up the changes due to fertilizer alone. Without fertiliz-
er the effect of increased temperatures on the vegetation is
slight even after 9 years, and probably results from small in-
creases in soil temperatures and increased nutrient miner-
alization. These results are consistent with results of our
monitoring studies, and again lead to the prediction: that ef-
fects of climate change on nutrient cycling processes are the
key to understanding climate change in the Arctic.

Lake Studies. How much of the structure and function
of the lake ecosystem is controlled by resources (bottom-
up control), such as the rate of nutrient input, and how
much is controlled by grazing and predation (top-down
control)? To isolate the effects of nutrient availability on
productivity we initiated process-oriented studies on the ef-
fects of fertilization. These studies began in 1983 using
large limnocorrals and have been expanded to whole sys-
tems with our current experiments in divided lakes. Nutrient
additions enhance primary production almost immediately,
but the transfer of carbon to higher trophic levels proceeds
more slowly. Additions of tracer amounts of 15N to a whole
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Figure 3. The numbers per 100 liters of two species of zooplank-

ton in Toolik Lake, 1976-1988.

lake also indicated a time lag of at least one growing season
in the incorporation of new phytoplankton production into
the benthic food chain. Thus in the scenario of increased
nutrient supply due to rising temperature we would expect
rapid changes in primary productivity and a delayed, more
complex response from the higher trophic levels.

To investigate the higher trophic levels and their inter-
actions with populations below them in the context of
climate change, we have been both monitoring and experi-
mentally manipulating a series of lakes. We have data on
long-term variability in zooplankton and fish populations in
several ponds and lakes. We also have data and models of
fish feeding on zooplankton and how this might change in
response to climate. In 1988 we began investigating the
feedback of higher trophic levels on changes in primary and
secondary productivity. The experiments consist of addition
and removal of top predators in lakes that lie along a pro-
ductivity gradient. Such experiments will help separate the
influence of nutrients from shifts in trophic structure as
patterns of energy flow are modified by climatic change.
Finally, when added to results of our regional surveys our
monitoring will enable us to predict effects of increasing
water temperatures on species and populations of both zoo-
plankton and fish.

One interesting observation is the virtual extinction of the
large-bodied zooplankton in Toolik Lake (Figure 3). In the
late 1970s, many large lake trout in Toolik Lake were re-
moved by angling. This released the predation pressure on
smaller fish and they both expanded in numbers and in feed-
ing on zooplankton in the pelagic zone of the lake. This has
caused the dramatic drop in the numbers of the two large-
bodied zooplankton,

Stream Studies. If climate change accelerates chemical
weathering and phosphorus export from the tundra,
how will the life of streams and rivers be changed? How
much is the ecosystem centrolled by resources (bottom-
up) vs. predation (top-down) control? The sequence of re-
sponses to phosphorus fertilization that we have measured
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Tiver.

over the past seven years is as follows: Dissolved phosphate
adc.d to river water stimulates the growth of epilithic algae
(Figure 4). Increases in algal production lead 10 sloughing
and export of algal biomass and increased excretion and
mortality. Increased algal excretion and mortality stimulate
bacterial activity which is also stimulated directly by phos-
phorus addition. Increased bacterial activity and biomass
make possible an increase in the rate of decomposition of
refractory compounds such as lignocellulose and many
components of the DOM pool. The increases in algal and
bacterial biomass provide increased high quality food for fil-
tering and grazing insects. The insects respond with in-
creased growth rate and, in the case of Baetis and Brach-
ycentrus, with increases in density. However, Prosimulium
density in the fertilized reach declines due to competitive in-
teraction with Brachycentrus. The increases in insects other
than Prosimuliur: increase the available food for grayling;




both young-of-the-year and adult grayling grow faster and
achieve better condition in the fertilized reach. In the long
term, if the experimental nutrient addition were expanded to
include the whole river, and barring other overriding but un-
known population controls, we hypothesize that the fish
population would increase. If so, it is possible that predation
by fish would exert increased top-down control over insects
such as Baetis or Brachycentrus which are vulnerable to fish
predation when drifting and emerging. Experimental
evidence from bioassays using insecticides indicates that
grazing insects control algal biomass (also, in Figure 4 the
low algal biomass in 1985 and 1986 is due to growth and
grazing of insects). Finally, increases in epilithic algae and
bacteria are responsible in part for uptake of added phos-
phorus and ammonium and for uptake of naturally abundant
nitrate, Thus, the bottom-up effects of added nutrients are
paralleled by several top-down effects of fish on insects, in-
sects on insects, insects on epilithic algae, and epilithon on
dissolved nutrient levels.

In summary, the entire biological system in the river is
responsive to added phosphorus. The bottom-up effects
propagate to all levels in the food web. Also both top-down
effects and competitive interactions are clearly important in
the response of the ecosystem to fertilization.

RATES AND CONTROLS OF THE EXCHANTE
OF NUTRIENTS AND ORGANIC MATTALR
BETWEEN LAND AND WATER

Researcl. Question. What controls the fluxes of nu-
trients and water over the arctic landscape and into
aquatic ecosystems? Tbis question of land-water inter-
actions is fundamental to our understanding of stream
ecology and to predictions of chmate change on arctic
ecosystems. At the Toolik Lake site we already have many
small plot measurements of nutrients in scil water and their
interactions with plants, We also have large-scale data on
the flux of nutrients out of entire watersheds. In the next few
years we will coastruct a dynamic model of the movement
of nutrients into streams and combine this with a geographic
information system (GIS) to test our understanding of the
system and to estimate the nutrient output from larger water-
sheds.

Terrestrial Research. In this research our principal aim is
to evaluate the magnitude and relative importance of lateral
N and P fluxes in soil water moving across the surface of
the permafrost, between terrestrial ecosystem types and
from terrestrial to aquatic systems. Qur study site is a
toposequence of six contrasting ecosystem types in a tundra
river valley (Figure S5). To estimate N and P fluxes in soil

Hf)rizontal N output P output
Distance (m) ~ (mg/yr)  (mg/yr)
Tussock tundra 50 810 8
Hilltop heath 10 1116 86
TUSSOCK TUNDRA  HILLTOP HEATH Hillslope shrub/lupine 20 726 102
Footslope Equisctum 10 628 135
Wet sedge tundra 30 1485 90
Riverside willow - - -
HILLSLOPE

SHRUB-LUPINE

FCOTSLOPE
EQUISETUM

WATER
PERMAFROST

WET SEDGE TUNDRA
RIVERSIDE wiLLOW

Figure 5. Ecosystem sites along a toposequence (a 1-m-wide strip) leading down to an arctic river and the amounts of N and P (mg

ecosystem*! yr1) transported through each ecosyste:n annually.

382




water at this site we have had to develop and compare over-
all N and P budgets for all six ecosystems, and to link these
budgets with a hydrologic model.

Our major conclusions are that the net uptake of N or P
from moving soil water is small relative to internal fluxes
such as annual plant uptake or N mineralization. However,
each of the six ecosystem types has a major and very differ-
ent effect on the total amounts of NO3, NH;, and POy in soil
water (Figure S). This has important implications for the in-
puts of these nutrients to aquatic systems. Some ecosystem
types, like tussock tundra and dry heath, are major sources
of N to soil water. Other systems, particularly those
occurring under or below late-thawing snowbanks, are im-
portant N sinks and P sources to soil water. Poorly drained
wet sedge tundra is a P sink with a remarkably high N min-
eralization rate,

We have also leamned a great deal about patterns and
controls over N and P cycling processes along our
toposequence. Among our most important discoveries, we
have shcwn that nitrification is much more important along
our toposequence than we suspected based on earlier re-
search, and many plant species show high nitrate reductase
activity. We have strong evidence from stable isotope
analyses that different plant species are using isotopically
different N sources, and that these species differences are
maintained across sites. The relative amounts of different
forms of organic and inorganic P in soils also vary dramat-
ically across sites.

In sum, our work has shown that different temestrial
ecosystems differ strongly in their chemical interactions
with the soil water, and thus have highly variable effects on
the chemistry of water entering aquatic systems. This work
is important in the context of global change, because if
either the composition of the landscape mosaic changes, or
the biogeochemistry of individual landscape units changes,
the chemistry of inputs to aquatic systems will also change.

Land-Water Interactions. To achieve one of our major
long-term objectives of understanding controls of water and
nutrient flux at the whole watershed and regional levels, we
are focusing on four majcr questions:

*What is the role of various units of landscape ir de-

termining the amount and cher stry of water flowing

from land to rivers and lakes?
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«What is the specific role of the riparian zone in mod-
ifying the chemistry of water entering rivers and in de-
termining the amount of allochthonous organic matter
and light in rivers and lakes?

*What is the roie of lakes in retaining and transforming
organic matter and nutrients as this material moves
downstream through a drainage?

*How do the communities of rivers and lakes change in
response to changes in water quantity and quality caused
by various units of landscape, riparian zones and up-
stream lakes?

From our history of experiments on fertilization of lakes
and rivers, we know that both lake and stream biota are very
responsive to both short- or longer-term changes in phos-
phorus and nitrogen supply. Thus we have a large amount of
information on question #4 and we know from current
research on small plots that different terrestrial ecosystems
will yield very different quality runoff water. In future
research, we will focus on determining the relationships be-
tween larger landscape units (0.1 to 1 km2) and water qual-
ity of runoff, the role of the riparian zone, and the role of
lakes in determining river water quality.

Scaling to Watershed and Regional Level, The long-term
plan is to make a model of nutrient processing and transfer
which would follow nutrients from the interactions in the
soil into a stream. This watershed model can be verified by
the continuous measurements of nutrient flux from the
watershed being made at the point where the Kuparuk River
crosses the single road. Next, the watershed model would be
calibrated to fit the different environments of northern Alas-
ka. Finally, the model would be used to characterize the var-
iability among Alaskan ecosystems so that statisticul
extrapolations could be made to the regional scale. The erd
result would be regional predictions of nutrient fluxes from
land to rivers under various scenarios of cliznate change.
The flux from an entire region to the Arctic Ocean could
then be predicted.
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ABSTRACT

Truelove Lowland (75°33'N, 84°40'W) is a small area (43 km2) of relatively
high biological Ziversity in the midst of the more typical Polar Desert of the Cana-
dian High Arctic. Much of the Lowland is presently covered by freshwater lakes
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some of which are sufficiently deep (7-8.5 m) to contain stratified lake sediments.
Sediment cores (= 2 m long) from the larger lakes have been analyzed for diatoms
and chemical composition and reveal a stratigraphic record that spans the last

This record indicates that lake development in the Lowland began as a series of
shallow marine lagoons isolated from the sea as a result of glacio-isostatic rebound
and the progressive emergence of the Lowland from the sea. Following isolation,
the timing of which was strongly controlled by elevation and the relative rate of iso-
static uplift, the lakes have been flushed with freshwater. Since that time the lakes
have remained oligotroohic and lake sedimentation has been dominated by vari-
ations in non-biogenic factors and particularly by variations in the influx of alloch-

thonous materials from within the lake catchments. Over time, the progressive
stabilization of surface materials and pedogenesis within the lake catchments has
been marked by decreasing amounts of Cr, As and Na in the sediments and an

increase in allochthonous Fe and Mn.

INTRCOUCTION

Under existing climatic conditions the Canadian High
Arctic is a polar desert, characterized by low biological
diversity and low productivity and underlain by continuous
permafrost. However, in widely scattered locations small
areas of relatively high biological diversity and productivity
occur as terrestrial oases in the midst of the regional polar
desert. An example of such an area is the Trueiove Lowland
(75°33'N, 84°40'W), one of a series of lowlands located on
the northeastern coast of Devon Island, N.W.T. (Figure 1).

Because of their ecologic significance these polar oases
have been the object of considerable scientific interest in
recent years. Truelove Lowland was chosen as the location
for one of fourteen major ecosystem studies within the Tun-
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dra Biome component of the International Biological Pro-
gram (IBP) and the only one out of a iotal of four major arc-
tic projects that was conducted within the High Arctic
[Bliss, 1977].

Although a considerable amount of detailed information
on the characteristics and perfonnance of this ecosystem
was amassed by the IBP project over a four year period,
1970-1974, it provides only a small picture of changes, both
environmental and ecological, experienced by the Lowland
since it has been in existence. What has been lacking until
now have been details of the changes experienced by the
Lowland over the relatively longer term of the postglacial
period. A major problem in obtaining such information has
been the apparent absence of a stratigraphic record of such
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Figure 1. Location of the study area on the northeastern coast of Devon Island, N.-W.T., Canada.

changes. However, recent research on the sediments in the
larger lakes in the Truelove Lowland has revealed the pres-
ence of such a record. This paper examines the nature and
significance of this record.

STUDY AREA
- Truelove Lowland today is essentially an emerged plat-
form of marine abrasion mantled with a complex sequence
of Quatemary deposits [King, 1969]. Although the age of
the emerged platform is uncertain, it obviously predates the
present mantle of deposits. Local rclief in the Lowland is
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provided by Precambrian rock outcrops and a series of
raised marine beaches rising inland from the present-day
coastline to an elevation of approximately 86 m. Approx-
imately 350 lakes, with a mean depth of 3 m, presently
cover 22% of the Lowland. The four largest lakes are
Phalarope Lake, Immerk Lake, Fish Lake and Middle
Beschel Lake, with surface areas of 1.92 km2, 1.25 km?,
1.13 km?2 and 0.36 km2, maximum depths of 6.8, 8.0, 7.0
and 10.5 m and elevations above sea level of 4.53 m, 13.71
m, 21.00 m, and 30.19 m respectively. These lakes are pres-
enily fresh, slightly alkaline, bicarbonate ion dominated and
oligotrophic (Scheibli, 1990].




Lake ice begins to form in early September in an average
year, reaches a maximum thickness of anproximately 2 m
and lasts into late July or early August. Io a large extent,
the presence of an ice pan controls the degree to which lake
water mixing occurs. Throughflow of lighter water immedi-
ately beneath: the lake ice appears to be greatest when the ice
pan is most extensive. As an ice-free moat develops and as
the fetch increases, the potential for turbulent mixing of the
iake water by the wind also increases. Consequently the
shallower lakes, which warm up rapidly during the early
suramer, tend to be well mixed and the sediments poorly
stratified.

METHODS

Sediment coring has concentrated on the largest and
deepest lakes in the Lowland since it was believed that the
longsst, most complete stratigraphic recerd of environ-
mental changes was most likely to occur there [Young,
1987; Young and King, 1989]. Sediment cores have been
collected using a modified Livingstone piston corer with an
internal diameter of 5.75 cm and the lake ice in early June as
a coring ple*form. Cores are initially extruded in 20- to 24-
cm sections in the fie'd and subsampled in 2-cm sections.
Core samples have been analyzed in the following ways.
Chemical compositional data was obtained using Instrument
Neutron Activation Analysis (INAA). In particular, trace
elemcnts including As, Cr, Mo, U, and selected macro ele-
ments such as Fe (Fe,) were determined. In addition, total
organic carbon was determined using the modified Walkley-
Black technique [Nelson and Summers, 1982] and biogenic
silica was determined colorimetrically [after DeMaster,
1981] using a Pye-Unicam model 5620 visible spectro-
photometer. Fe and Mn (Fey and Mny) were extracted using
a citrate-bicarbonate~dithionite solution [Mehra and
Jackson, 1960} and determined by atomic absorption spec-
trophotometry. Diatoms were mounted for microscopic
identification in Hyrax (R.I. = 1.65) following sample prep-
aration that included acidification with 10% HCl and per-
oxidation followed by extraction with concentrated HySO4
and K»Cry07 to remove organic matter. Diatoms were iden-
tified with reference to standard keys [Cleve-Euler, 1951-
1955; Patrick & Freese, 1961; Foged, 1972-1974, 1981;
Germain, 1981; Lichti-Federovich, 1983; Peragallo and
Pcragallo, 1897-1908]. In addition, selected bulk sediment
core samples have been dated by accelerator mass spectrom-
etry (AMS) at the Isotrace Laboratory, University of
Toronto.

RESULTS AND DISCUSSION

This paper focuses on the results obtained from two sedi-
ment cores obtained in late June, 1986 from Fish Lake
(FL3) and Phalarope Lake (PL2). The cores are generally
similar, ranging in length from 78 cm (FL3) to 80 cm (PL2).
Most of the cores comprised black (5Y 2.5/1 [Munsell,
19751), olive (5Y 5/4) or dark olive grey (5Y 3/2) jellylike
algal gyttja clay, except for the basal section of the FL.3 core
which was comprised of greyish brown (2.5Y 5/2) sand.
Although present throughout both cores, laminations of
alternating black and dark olive grey material tended to be
r- stricted to the top and bottom parts of th. cores. On expo-

e to the air oxidaion oI e mawsia occurred rapidly
resulting in the development of a more uniform olive brown
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(2.5Y 4/4) color. Basal sediments from a depth of 79-80 cm
in the PL2 core from Phalarope Lake and from a depth of
76-78 cm in the Fish Lake core FL3 yielded 14C (AMS)
dates of 10,620 + 160 years B.P. (TO-564) and 10,570
200 years B.P. (TO-566) respectively. An examination of
the diatom assemblages present within the cores provides
further evidence of the major environmental changes expe-
rienced by these lake systems. Although the diatom content
in the basai sample of the FL3 core is extremely low (16
valves), the diatoms present are marine, benthic littoral
forms such as Cocconeis costata, Diploneis subsincta and
Grammatophora angulosa (Figure 2). The preses. - i this
diatom assemblage indicates that the basal cize . o.i’on in
FL3 represents a marine deposit. The basal d&”.. ¢ 7 270 %
200 years B.P. indicates that this part of the .. =, ucpos-
ited at a time when this portion of the Lowland was inun-
dated by the sea and prior to the subsequent coastal
emergence that resulted in the creation of the raised beach
sequence and isolated the lakes from marine influence.

The basal part of the FL3 core is overlain by a section of
the core between 66 and 72 cm containing brackish tolerant
diatom species (Figure 2) such as Diploneis interrupta, Nav-
icula digitoradiata, N. protracta var. elliptica and N. sal-
inarium suggesting that this portion of the core contains a
record of the isolation of the lake from marine influence and
a significant inflow of fresh water to the system. At that
time the lake probably existed as a marine lagoon, separated
from the sea by an offshore bar. The remainder of the core is
dominated by Fragilaria, in particular, F. pinnata. This dia-
tom, together with F. construens, has often been interpreted
as representing a colonizing phase of benthic alkaliphils
analogous to early postglacial limnological conditions
[Florin and Wright, 1969; Bradbury and Whiteside, 1980;
Smol, 1983]. Wolfe [1989] also reports that the Fragilaria
pinnata—construens complex dominates the modem benthic
and littoral sediments of the larger and deeper freshwater
lakes in the Truzlove Lowland. This suggests that the pres-
ence of Fragilaria indicates the post-brackish freshwater
phase of lake development that followed coastal emergence.

Diatom preservation in Phalarope Lake, on the other
hand, as represented by core PL2, is not as complete as it is
in Fish Lake (Figure 2). Nevertheless, an environmental
record similar to that in Fish Lake appears to be present.
The top 4 cm of the core is dominated by Fragilaria, in par-
ticular, F. pinnata, F. construens and F. construens var.
subsalina, but the core section from 4 to 42 cm is nearly
devoid of diatoms. Underlying this section of the core,
between 42 to 80 cm, the diatom assemblage consists of a
mixture of euryhaline, brackish and marine forms such as
Achnanthes brevipes, Amphora libyca var. baltica, A. ter-
roris, Cocconeis scutellum, C. costata, Navicula dig-
itoradiata, N. protracta var. elliptica and N. salinarium. A
similar diatom assemblage exists in the benthic and littoral
sediments of brackish lakes and ponds in the Lowland today
[Wolfe, 1989]. The presence of such an assemblage in much
of the PL2 core suggests that the period of brackish condi-
tions persisted much longer in Phalarope Lake than it did in
Fish Lake and that the freshwater phase of lake development
is a comparatively recent event. Together, these two lakes
appear to contain a record of the progressive emergence of
the Truelove Lowland from the sea, beginning with lake iso-
lation as a marine lagoon, followed by the inflow of fresh-
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Figure 2. Diator stratigraphy of the FL3 core from Fish Lake and the PL2 core from Phalarope Lake in percentage of diatom sum.

water derived from snow and ice melt diluting the seawater
and the progression of the lake to a freshwater condition.
Such an interpretation is supported by the geochemical data,
especially that from the FL3 core (Figures 3 and 4). For
example, Cr, Fe;, U and Mo in the sediments of the FL3
core appear to be associated with the isolation phase when
the marine lagoons were first isolated from the sea. At this
time lake sedimertation would be strongly affected by the
high energy environment associated with be. :h develop-
ment and is sensitive to the presence of brackish water and
erosion within the catchment. The geochemical data from
the PL2 core are more difficult to interpret and this may
reflect the much longer time taken for lake isolation to
occur. Whereas in Fish Lake isolation of the lake appears to
have been quickly accomplished at a time of relati.. - rapid
isostatic uplift, in the case of Phalarope Lake, being luwer in
elevation, its isolation tock much longer due to a much
slower rate of isostatic uplift at that time. The relatively high
concentrations of erosional indicators such as U, and alloch-
thonous Mn and Fe (Mny and Fey) in the brackish zone of
the PL2 core (Figure 3) lends further support to the idea that
the isolation of Phalarope Lake was protracted.

Given that Mo is concentrated at the point in both cores
where the diatom flora indicate that brackish conditions pre-
vailed, the period of transition from marine to freshwater
conditions appears to have been associated with the devel-
opment of hypolimnetic anoxia. Such conditions are
believed to have resulted in the precipitation of Mo as MoS;
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and the presence of a distinctive black layer in the sedi-
ments. However, biologic productivity, as indicated by the
concentration of biogenic silica and organic matter (Figure
3), remains high in this region of the PL2 core, suggesting
that the duration of such a hypolimnetic anoxia would have
been short lived. Calculations of the residence time of water
in the deeper lakes in the Lowland [Scheibli, 1990] suggest
that the persistence of such snoxic conditions would be very
short lived; in the onder of apyroximately 20 to 30 years at
most. In the case of Phalarope Lake which, despite its area,
is comparatively shallow and thermally well mixed in sum-
mer, the persistence of such conditions would have been
much less than in the deeper lakes.

The presence of basal marine deposits of similar age in
both Fish Lake and Phalarope Lake supports the idea that by
approximately 10,600 years B.P. much of the Lowland was
covered by the sea, It is possible that the Lowland was inun-
dated by a marine transgression which progressively cov-
ered the Lowland shortly before approximately 10,600 years
B.P. up to an elevation of approximately 86 m a.s.l, this
being the present field elevation of an easily identified
marine limit at the base of the escarpment bounding the
Lowland to the east. The marine transgression could have
been the result of a general eustatic rise in sea level. Such a
scenario assumes that the Lowland was already deglaciated
prior to the marine transgression. On the other hand, it is
equally possible that the Lowland was inundated by the sea
considerably before 10,600 years B.P. Evidence in support
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of this idea is provided by Barr [1971] who reported the
presence of marine shells with an age of approximately
30,000 years B.P. at an elevation of 36 m on Wolf Hill.

The record of paleoenvironmental change preserved in
these lake sediments is not restricted to major changes in the
development of the Truelove Lowland related to coastal
emergence. During the early post-isolation ptase in Fish
Lake the response of the lake biota to an infliz of nutrients
is reflected in an increase in biogenic silica »...! n1gonic car-
bon in the lake sediments (Figure 3). In .., «¢. - of Phal-
arope Lake, where the process of lake . cfziics: « . much
longer, a similar response took place. ! « mch iniz.

Throughout the Holocene the ir. - 1 la:es in e, o
land, such as Fish Lake, have rem-. .. ' very di*ue .1.¢ olig-
otrophic and lake sedimentatio~ ' s &ent dom apc ¢
variations in non-biogenic facto  »d pativaizty by 2
ations in the influx of allochtho': - ¢ riatcenls dert- ¢ o ¢
within the lake catchments. Over 1, "€ progr:s -ve s .
bilization of surface materials ». vedogenesis .. dn e
lake catchments has been mavke: y decreasirz ', Y- 1
Uin the sediments and an incr 1 allechtlh o and
Fe (Mng and Fey). Aggrading ;v ‘mafrost criost was -, e

the lake catchments followed lake isolation and the emer-
gence of the Lowland. One consequence of this would have
been lower soil redox potentials resulting from the develop-
ment of a water-saturated active layer and the consequent
mobilization and translocation of Fe as Fe2+ and Mn as
Mn3+ to the lake sediments. There is every indication that
the stratigraphic record provided by the sediments in these
lakes will ultimately provide more information on the pro-
cesses and changes occurring within the lake catchments
than .oout events taking place within the lakes themselves.
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Effect of Global Climate Change on Forest Productivity:
Controi Through Forest Floor Chemistry

K. Van Cleve, J. Yarie, and E. Vance
Forest Soils Laboratory, University of Alaska Fairbanks, Alaska, U.S.A.

ABSTRACT

Forest floor chemistry interacts with temperature and moisture to restrict or
enhance the supply of nutrients for tree growth. In sub-arctic forests of interior
Alaska, this control of element supply is manifest in dramatically different rates of
nutrient cycling among the principal forest types. Slow-growing forests developing
on cold, wet soils produce organic detritus that is slow to decompose because of its
chemical composition. Consequently, element supply is restricted in these eco-
systems. Productive forests developing on warm, drier soils produce organic detri-
tus that decays more rapidly because of favorable chemical composition. Element
supply is enhanced in these forest ecosystems.

Using the compartment modei Linkages, we evaluate several scenarios that pro-
pose altered temperature and precipitation regimes for their influence on forest
floor chemistry, element supply and the consequence to forest productivity.
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The Sensitivity of Ecosystem CO; Flux in the Boreal Forests
of Interior Alaska to Climatic Parameters

Gordon B. Bonan
National Center foir Atmospheric Research, Boulder, Colorado, U.S.A.

ABSTRACT

An ecophysiological model of carbon uptake and release was used to examine
CO;, fluxes in 17 mature forests near Fairbanks, Alaska. Under extant climatic con-
ditions, ecosystem CO2 flux ranged from a loss of 212 g CO2 m-2 yr-! in a black
spruce stand to an uptake of 2882 g CO2 m-2 yr! in a birch stand. Increased air
temperature resulted in substantial soil warming. Without concomitant increases in
nutrient availability, large climatic warming reduced ecosystem CO; uptake in all
forests. Deciduous and white spruce stands were still a sink for CO», but black
spruce stands became, on average, a net source of CO. With increased nutrient
availability that might accompany soil warming, enhanced ree growth increased

CO» uptake in conifer stands.

INTRODUCTION

The circumpolar boreal forest is the largest reserve of soil
carbon and is second only to broadleaf humid forests in
terms of carbon stored in live vegefation [Lashof, 1989].
Not surprisingly, boreal forests appear to play a significant
role in the seasonal dynamics of atmospheric CO, [D'Arrigo
et al., 1987]. With its wide range in site conditions, interior
Alaska is a unique location to examine atmosphere—
biosphere exchange of CO; in boreal forests. In mature
forests, above-ground woody biomass ranges from 2.6 kg
m-2 in black spruce (Picea mariana (Mill.) B.S.P.) forests
growing on cold, wet, nutrient-poor soils to 24.6 kg m-2 in
white spruce {Picea glauca (Moench.) Voss) forests grow-
ing on warmer, mesic soils [Van Cleve et al., 1983]. Forest
floor mass ranges from an average of 2.2 kg m-2 in mature
balsam poplar (Populus balsamifera L.) forests to an aver-
age of 7.6 kg m-2 in mature black spruce forests [Van Cleve
et al., 1983].

Interactions among soil temperature, soil moisture, the
forest floor, litter quality, nutrient availability and fire con-
trol stand productivity and organic matter decomposition in
these furests {Van Cleve and Viereck, 1981; Van Cleve et
al., 1983, 1986). I have developzd a process-oriented, ec-
ophysiological model of carbon uptake and release that
quantifies these relationships [Bonan, 1991b). The purpose
of this paper is to us¢ this model to examine atmosphere~

391

biosphere exchange of CO; in boreal forests and its sensitiv-
ity to climatic parameters.

THE MODEL

Bonan [1991b] describes the calculation of the CO,
fluxes. The model simulates daily CO, fluxes during plant
growth and forest floor decomposition (Figure 1). Mosses
form a significant component of many boreal forests
[Oechel and Van Cleve, 1986], and moss photosynthesis
and respiration are additional CO;, fluxes. Tree photosyn-
thesis is a function of the CO, diffusion gradient, bulk boun-
dary layer resistance, stomatal resistance, and mesophyll
resistance. Stomatal resistance is a function of irradiance,
foliage temperature, vapor pressure deficit, and foliage
water potential. Mesophyll resistance includes rate lLimita-
tions imposed by the diffusion of CO, within cells and the
effects of foliage temperature, irradiance, and foliage nitro-
gen on the biochemical process of photosynthesis. Tree
respiration is partitioned into maintenance and growth res-
piration. Maintenance respiration is an exponential function
of foliage temperature; growth respiration is a function of
the efficiency with which tissue is synthesized. Moss photo-
synthesis is limited by irradiance, temperature, and moisture
content. Moss respiration is also an exponential function of
temperature and the efficiency with which new tissue is syn-
thesized. Based on data from Schlentner and Van Cleve
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Figure 1. Simulated CO, fluxes. Tree fluxes are photosynthesis,
and foliage, stem, and root respiration. Moss fluxes include photo-
synthesis and respiration. Microbial respiration during forest floor
decomposition is an additional CO, flux. Ecosystem CO, fiux is
the sum of these fluxes. Bonan [1991b] provides more details on
the calculation of these fluxes.
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[1985], microbial respiration under optimal substrate quality
is a function of soil moisture and soil temperature. De-
composition in boreal fosests is a linear function of forest
floor nitrogen [Flanagan and Van Cleve, 1983], and micro-
bial respiration is adjusted for substrate quality as a function
of forest floor nitrogen.

Simulated microbial respiration is converted to dry matter
decomposition by the factor 0.61 g dry matter per gram CO2
respired. Simulated plant dry matter production is directly
proportional to the difference between photosynthesis and
maintenance respiration (0.44 g dry matter per g CO; as-
similated). Annual tree production is partitioned into above-
and below-ground components.

Required biophysical factors such as the bulk boundary
layer resistance, foliage temperature, foliage water potential,
irradiance, vapor pressure deficit, soil temperature, and soil
moisture are simulated by solving the surface energy budget
of a multi-layered forest canopy (Figure 2). A more detailed
description and validation of the biophysical calculations
has been presented elsewhere [Bonan, 1991a).

Required stand parameters for the model are canopy
height, leaf area index, foliage nitrogen, forest floor mass,
forest floor nitrogen, moss and humus thickness, and green
moss, sapwood, and root biomass. Site parameters are
aspect, slope, elevation, soil color, and drainage. These
parameters were estimated for one aspen (Populus trem-

R [T,, Ty, T3)+H[ Ty, Tp, T;1+AE[T,, Tp, T3]=0

R [T,,T,, T3] +H[T,, T,, T3] +AE[T,, T,, Ty} =0

*,, T3]+G[T3]=0

Figure 2. Schematic diagram of the surface energy budget for a forest divided into three layers. The net radiation R, sensible heat H, water
vapor AE, and soil heat G fluxes in the upper canopy (height hy), lowe: canopy (height hy), and ground surface (height hj) are 2 function of
three unknown temperatures (T;, Ty, T3) at heights h;, h%. and h,, respectively. The surface eneigy budget of each canopy layer must sum to
zero, and these three equations are solved simultaneously for the three unknovm temperatures. Then, with the ground surface e,
evapotranspiration, and snow melt known, soil temperamre T, and soil moisture © in a multi-layered soil are updated. Bonan [1991a] pro-
vides more details for these calculations.
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uloides Michx.), two birch (Betula papyrifera Marsh.), two
balsam poplar, four white spruce, and eight black spruce
mature stands located near Fairbanks, Alaska, based on
observed stand descriptions [Viereck et al., 1983; Van Cleve
et al,, 1983]. Required climatic parameters were taken for a
"typical” meteorological year [NOAA, 1981].

Daily CO,, fluxes for each stand were simulated for one
year with current climatic parameters to obtain control
simulations. To evaluate the sensitivity of CO; fluxes to
climatic parameters, the simulations were then repeated with
1°C, 3°C, and 5°C increases in daily air temperature. Each
air temperature increase was repeated with current pre-
cipitation and 150% and 200% increases in daily pre-
cipitation. The model is not stochastic in any manner.
Therefore, simulations are deterministic and differences
among the simulations for a particular forest type reflect
solely the change in climate parameters.

In addition to the direct effects of soil temperature on
plant metabolism, tree photosynthesis increases with soil
warming due 1o greater nutrient mineralization | Van Cleve
et al. 1983, 1990}. The model does not simulate dynamic
nutrient availability, and to examine this effect on CO; flux-
es, the simulations for black spruce and white spruce, where
current foliage nitrogen concentrations (0.7%) limit photo-
synthesis, were repeated but with increased foliage nitrogen
concentrations (1.0%). This increase in foliage nitrogen
reflects data from experimental heating of a cold soil [Van
Cleve etal., 1983, 1990].

Bonan [1991a,b] provides detailed results of the control
simulations. Simulated solar radiation, soil temperature, fol-
iage water potential, evapotranspiration, and snow melt
were consistent with observed data [Bonan, 1991a). Sim-
ulated soil respiration, moss production, decomposition, and
tree production were also consistent with observed data
[Bonan, 1991b]. (Note: In contrast with the analyses of
Bonan [1991b], here the ambient CO, concentration was
600 mg m-3 rather than 640 mg m-3).

RESULTS

The sensitivity of ecosystem CO, flux to climatic pa-
rameters varied with ferest type. Without increased nutrient
availability, the 1°C warming enhanced tree growth for the
deciduous and white spruce stands (Tables 1 and 2). De-
composition aiso increased, but the net result was that these
stands were a greater sink of CO; than in the control simula-
tions. With increases in .ir temperature of 3°C and 5°C, tree
production in these stands declined. Decomposition in-
creased, and though these stands were a net sink for CO,,
they were less of a sink than in the control simulations. In
contrast, the 1°C warming substantially reduced black
spruce tree production (Table 3). Tree respiration exceeded
photosynthesis in two of the eight black spruce stands, and
ecosystem CO, uptake decreased from the control simula-
tion. With the 3°C and 5°C warming, these stands became,
on average, a source of CO; as net carbon uptake by trees
and mosses was further reduced. With the 5°C wamming,
tree respiration exceeded photosynthesis in six of the eight
stands.

Increased nutrient availability in the conifer stands en-
hanced tree growth compared to comparable nutrient-poor
simulations (compare Table 4 with Tables 2 and 3). For
black spruce, tree productivity and ecosystem CO, vptake
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| Productivi
SDD  Trees Moss Decomposition CO,

gm?  gm2 gm2 gm2
Control 1194 900 0 294 2376
1°C 1293 917 0 i 2421
150% 1301 915 0 317 2407
200% 1302 909 0 319 2381
3°C 1488 813 0 346 2027
150% 1505 819 0 354 2031
200% 1507 815 0 357 2013
5°C 1683 698 0 382 1588
1509 1705 702 0 391 1585
200% 1711 704 0 396 1584

Table 1. Deciduous forests: Simulated soit degree days (SDD)
from May 20 to September 10 at 10 cm depth, annual above-
ground tree productivity, annual moss productivity, annual forest
floor decomposition, and annual ecosystem CO, flux with climatic
warming and precipitation increases. A positive CO; flux indicates
net uptake by the ecosystem. All values are averages for the five
stands.

\ I Productivi
SDD Trees Moss Decomposition CO,

gm?  gm? gm2 gm’2

Control 997 366 111 202 851
1°C 1084 365 105 210 988
150% 1090 381 113 216 1053
200% 1091 378 113 220 1036
3°C 1251 274 86 227 620
150% 1275 295 0 239 703
200% 1283 297 J 244 706
5°C 1405 145 62 244 100
150% 1447 174 79 260 211
200% 1468 180 87 268 235

Table 2. Same as Table 1 but for four white spruce stands.

were enhanced for all climatic warmings when compared to
the control simulation. For white spruce, tree productivity
and ecosystem CO, uptake increased from the control sim-
ulation for the 1°C and 3°C warming, but decreased for the
5°C warming.

DISCUSSION

Under extant climatic conditions, mature boreal forests in
interior Alaska range from a source of 212 g CO; m2 yrl in
a black spruce stand to a sink of 2882 g CO, m2 yrlina
birch stand. This flux was extremely sensitive to air tem-
perature increases. In all forest types, organic matter
decomposition increased with increased air temperature.
This reflected greater microbial activity with warmer soils.
Moss productivity decreased with climatic warming because
of increased dryness with a warmer climate. Indeed, for a




, 1 Productivi
SDD Trees Moss Decomposition CO,

g m’2 g m'2 g m'7' g m2
Control 642 113 98 107 196
1°C 692 68 921 110 146
150% 12 63 96 114 131
200% 717 55 96 116 100
3°C 787 40 68 114 0
150% 858 31 I 123 -26
200% 859 2 82 124 -52
5°C 852 -1 35 118 217
150% 997 -14 52 130 247
200% 1005 22 59 133 -264

Table 3. Same as Table 1 but for eight black spruce forests.

given climatic warming, moss productivity increased with
increases in precipitation.

Without increased nutrient availability, air temperature
increases greater than 1°C caused annual above-ground tree
productivity to decrease even though the soils became
warmer. Though tree photosynthesis increased with climatic
warming, tree respiration increased more. In particular,
warmer soil temperatures greatly enhanced root respiration.
For example, in a black spruce stand growing on a terrace at
468 m, annual CO, uptake during tree phutosynthesis was
1531, 1559, 1657, and 1708 g m-2 in the control, 1°C, 3°C,
and 5°C simulations, respectively. However, annual tree res-
piration was 1379, 1462, 1651, and 1854 g CO; m?2,
respectively. Likewise, in a lowland white spruce stand at
120 m, annual tree photosynthesis was 3430, 3462, 3610,
and 3679 g CO, m-2 and annual tree respiration was 2491,
2652, 3040, 3505 g CO, m-2 for the control, 1°C, 3°C, and
5°C simulations. Decreased net CO, upiake during tree
growth reduced ecosystem uptake in all stands. With the
3°C and 5°C warmings, black spruce stands became, on
average, a source of CO;.
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Black Spruce White Spruce

NPP Co, NPP Co,

gm2 gm2 gm?  gm2
1°C 186 532 543 1541
3°C 164 405 461 1211
5°C 124 196 344 750

Table 4. Armual above-ground tree productivity (NPP) and annual
ecosystem CO, flux with climatic warming and increased nitrogen
availability. A”positive CO, flux indicates uptake by vegetation.
All values are averages for each forest type.

Nutrient availability increases with soil warming [Van
Cleve et al., 1983, 1990]). When increased nutrient avail-
ability was included in the simulations, tree photosynthesis
increased in the nutrient-poor conifer stands. The net effect
was that these stands took up greater amounts of CO2. This
was most important in the black spruce stands, where in-
creased nutrient availability promoted tree growth such that
with 3°C and 5°C increases in air temperature, these sites
were a sink rather than a source of CO,.

These simulations examined the short-term (one year)
response of boreal forests to climatic warming. The long-
term effects of climatic warming on ecosystem CO», flux are
likely to differ. For example, the equilibrium response of
soil temperature to climatic warming will differ from the
transient response. However, these analyses highlight the
sensitivity of tree photosynthesis and respiration to climatic
warming and the importance of nutrient availability in de-
termining CO, fluxes with climatic warming.
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Evolutionary History of Polar Regions

J. A. Crame
British Antarctic Survey, Natural Environment Research Council, Cambridge, United Kingdom

ABSTRACT

A traditional view of life on earth is that most major groups of plants and ani-
mals arose in the tropics and then disseminated to higher latitude regions. In some
way, competitively less successful forms are displaced progressively towards mid-
and high-latitude regions, with only the most tolerant forms reaching the poles. The
latter are frequently cited as refugia.

However, we now know significantly more about the evolutionary history of
polar regions than was the case when such theories were first promulgated. In par-
ticular, it is evident that, for long periods of geological time, vast areas of ice-free
continent and continental shelf were present in the highest latitudes of both hemi-
spheres. These undoubtedly served as the sites of origin for at least some of the
components of the distinctive Mesozoic Boreal realm and its austral counterpart.
Indeed it is likely that a distinctive biotic realm has charactc rized the southern high
latitudes, at least intermittently, since the late Paleozoic.

In recent years it has become apparent that West Antarctica and its contiguous
regions may have been the center of origin for a range of recent taxa. Here, the late
Mesozoic and Cenozoic paleontological record contains the first occurrences of a
number of prominent taxa in living Southern Hemisphere temperate forests. The
same beds have also yielded first records of living marine invertebrate types such as
decapod crustaceans, echinoids, bivalves, gastropods and brachiopods. It is even
possible, at least within the marine realm, that the polar regions are still actively
providing new taxa. In Antarctica, for example, certain groups of very closely
related species (such as pycnogonids, buccinacean gastropods, certain echinoderms
and notothenioid fish) seem to be the product of extensive Cenozoic adaptive
radiations.

The polar regions may yet be shown to have been significant contributors to the
global species pool.
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Possible Impacts of Ozone Depleticn on Trophic Interactions
and Biogenic Vertical Carbon Flux in the Southern Ocean

Harvey J. Marchant and Andrew Davidson
Australian Antarctic Division, Kingston, Tasmania, Australia

ABSTRACT

Among the most productive region of the Southern Ocean is the marginal ice
edge zone that trails the retreating ice edge in spring and early summer. The timing
of this near-surface phytoplankton bloom coincides with seasonal stratospheric
ozone depletion when UV irradiance is reportedly as high as in mid-summer. Re-
cent investigations indicate that antarctic marine phytoplankton are presently UV
stressed. The extent to which increasing UV radiation diminishes the ability of
phytoplankton to fix CO, and/or leads to changes in their species composition is
equivocal. The colonial stage in the life cycle of the alga Phaeocystis pouchetii is
one of the major components of the bloor1. We have found that this alga produces
extracellular products which are strongly UV-B absorbing. When exposed to in-
creasing levels of UV-B radiation, survival of antarctic colonial Phaeocystis was
significantly greater than colonies of this species from temperate waters and of the
single-celled stage of its life cycle which produces no UV-B-absorbing compounds.
Phaeacystis is apparently a minor dietary component of antarctic krill, Euphausia
superba, and its nutritional value to crustacea is reportedly low. Phytoplankton,
principally diatoms, together with fecal pellets and molted exoskeletons of grazers
contribute most of the particulate carbon flux from the euphotic zone to deep water,
If the species composition of antarctic phytoplankton was to shift in favor of Pha
ocystis at the expense of diatoms, changes to pelagic trophic interactions as well as
vertical carbon flux are likely.

INTRODUCTION

Stratospheric ozone over Antarctica and the Southem
Ocean is markedly depleted during spring [Stolarski et al.,
1986], resulting in UV flux rates similar to mid-summer
conditions [Frederick and Snell, 1988]. Solar UV-B radia-
tion penetrates oceanic water to depths that are able to in-
fluence the growth of macrophytes and phytoplanl.ton [Jitts
et al.,, 1976; Lorenzen, 1979; Calkins and Thordardottir,
1980; Worrest, 1983; Maske, 1984; Wood, 1987, 1989]. In
additicn, Trodahl and Buckley [1989] suggest that antarctic
sea ice in early spring may be sufficiently transparent to UV
for organisms living in and under it to receive levels of ra-
diation high enough to have biological consequences.

The effect of UV-B radiation on antarctic marine phy-
toplankton is equivocal [Robents, 1989]. El-Sayed et al.

[1990] concluded that antarctic phytoplankton are presently
under UV stress and are likely to be seriously affected by
any increase in UV-B radiation as would the higher trophic
levels of the Southern Ocean food web. In contrast, Holm-
Hansen et ai. [1989] found that although the rate of nhoto-
synthesis by phyioplankton in the top meter of the water
column was depressed by about 30%, organisms at depths
greater than 20 m were unaffected by in situ exposure to
UV. They concluded that increased UV irradiation would
have little impact on the phytoplankton and higher trophic
levels of the Southem Ocean. Species of phytoplankton dif-
fer in their ability to survive UV imadiation [Calkins and
Thordardottir, 1980], and Karentz [1991] has argued that the
most likely effect of elevated UV irradiation on antarctic
marine phytoplankton is a shift in the species composition.
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The principal primary producers in the Southern Ocean
are diatoms. As well as contributing directly to the vertical
flux of carbon, they are grazed by crustacea, especially
euphausiids. The feces and molted exoskeletons of grazers
constitute a major avenue of carbon to deep water {Nicol
and Stolp, 1989]. Here we briefly review the spatial and
temporal distribution of antarctic marine phytoplankton,
especially Phaeocystis pouchetii. We discuss our finding of
UV-B-absorbing pigments in this alga and the protection
that they confer [Marchant et al., 1991} and consider the
possible consequences on trophic interactions and biogenic
vertical carbon flux of Phaeocystis surviving elevated levels
of UV exposure.

SPRINGTIME SEA ICE RETREAT AND THE
MARGINAL ICE EDGE ZONE

Meltwater released from the retreating sea ice generates a
pycnocline at about 20 m depth above which phytoplankton
bloom. Data from Jennings et al. [1984] indicate that 25—
67% of the nutrient depletion in the Southern Ocean is due
to phytoplankton production in the marginal ice edge zone
[Smith and Nelson, 1986). This southward-moving region of
high productivity is coupled to higher trophic levels [Ainley
et al., 1986)], providing much of the carbon required to
sustain the large populations of zooplankion, birds and
mammals for which the Southern Ocean is noted [Ross and
Quetin, 1986; Sakshaug and Skjoldal, 1989].

The most abundant components of the phytoplankton of
the marginal ice edge zone are diatoms, principally of the
genus Nitzschia, and the prymnesiophyte Phaeocystis pou-
chetii [Garrison et al., 1987; Fryxell and Kendrick, 1988;
Garrison and Buck, 1989; Davidson and Marchant, 19911,
The massive deposits of diatomaceous onze in Southern
Ocean sediments, the species composition of which is dom-
inated by the taxa found in the ice edge bloom [Truesdale
and Kellogg, 1979] are thought to be due to reduced
coupling of production and consumption in the marginal ice
edge zone. Thus a substantial amoant of the biogenic pro-
duction sinks rapidly from the euphotic zone [Smith and
Nelson, 1986} and while some is grazed, sedimentation is
apparently the principal fate of much of this ice edge bloom
[Smith and Nelson, 1986; Bodungen et al., 1986; Fischer et
al,, 19881

THE ROLE OF PHAEOCYSTIS IN
THE MARGINAL ICE EDGE ZONE

The cosmopolitan alga Phaeocystis pouchetii has two
principal stages in its life cycle, free-swimming biflagellate
unicells and a colonial phase in which cells are embedded in
a mucilaginous matrix. Colonial Phaeocystis has been re-
poried from the sea ice and the marginal ice edge zone
where it is frequently one of thc most abundant algae
blooming in the top few meters of the water column. Phae-
ocystis apparently plays a pivotal role in the timing of the
successional sequence of other autotrophs by mediating the
availability of manganese [Davidson and Marchant, 1987;
Lubbers et al., 1989]. Also, at least in antarctic waters, this
alga provides substrates for heterotrophs by secretion of a
large propor*icn of its photoassimilated carbon as particulate
and dissolved organic matter [Davidson and Marchant,
1991]. In addition, Phaeocystis is reportedly the principal
producer of dimethyl sulfide (DMS) in antarctic waters
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[Gibson et al., 1990]. Oxidation of this DMS forms sulfate
particles which constitute a major source of cloud condensa-
tion nuclei (CCN). Bates et al. [1987] and Charlson et al.
[1987] propose that the abundance of CCN determines
global albedo thereby establishinga  “hanism for the reg-
ulation of climate by marine biologic.. -tivity. Gibson et
al. [1990] estimate that antarctic Phaeocystis may contribute
as much as 10% of the total global flux of DMS to the at-
mosphere.

GRAZING ON PHAEOCYSTIS

Although Phaeocystis is grazed by herbivores including
Euphausia superba [Sieburth, 1960; Marchant and Nash,
1986], the effect of grazing on this alga and its food value
are equivocal [Verity and Smayda, 1989). In an in-
vestigation o the impact of copepod grazing on a
phytoplankton bloom in which Phaeocystis comprised about
97% of the biomass and the remainder was mainly diatoms,
the diatoms accounted for some 74% of the copepod diet
[Claustre et al, 1990]. Only 1.5% of the biomass of
Phaeocystis was grazed by the copepods, the remainder
apparently being lost to the pelagic food web. In addition,
Claustre et al. [1990] reported that the low nutritional value
of Phaeocystis was due to its fatty acid to chlorophyll a ratio
being much lower than was found in diatoms. This was also
the case for amino acids and vitamin C. Phaeocystis from
antarctic sea ice has been found to have significantly lower
concentrations of neutral lipids than diatom assemblages
dominated by Nitzschia and Navicula [Priscu et al., 1990].
Antarctic euphausiids reportedly have a Jietary preference
for diatoms [Meyer and El-Sayed, 1983; Miller and
Hampton, 1989]. We have found that at an antarciic inshore
site very little of the carbon attributable to Phaeocystis is ap-
parently utilized by metazoa [Davidson and Marchant,
1991] and, as was found by Claustre et al. {1990], most of
the carbon was not used in situ.

VERTICAL CARBON FLUX IN
THE SOUTHZRN OCEAN

In addition to the direct contribuiion of the primary pro-
ducers, fecal pellets of heterotrophs including protozoa
[Nothig and Bodungen, 1989; Buck et al., 1990} and meta-
zoa, including krill [Wefer et al., 1988], contribute sub-
stantially to particulate carbon flux from surface waters of
the Southern Ocean. In cortrast to the marked seasonality of
the sedimentation of primary producers and the feces of
grazers, cast exoskeletons of E. superba are likely to con-
stitute a major year-round flux of particulate organic carbon
from the euphotic zone to deep water or the sediments
[Nicol and Stolp, 1989].

UV-ABSORBING COMPCUNDS PRODUCED
BY PHAEOCYSTIS

We have found ¢ .t the mucilage of Phaeocystis colonies
themselves as well as substances secreted into them absorb
strongly in the UV region of the spectrum. Axenic cultures
of this alga isolated from Prydz Bay, Antarctica, produce
extracellular products that absorb strongly at 323 and 271
nm [Marchant et al., 1991]). Absorbance at 271 nm is un-
likely to provide protection to the alga additional to that
conferred by the attenuation of water [Smith and Baker,
1979]. The motile cells of Phaeocystis from Antarctica lack
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Figure 2. Conceptual diagram of the possible impacts of ozone
depletion on Southern Ocean processes. The sign (+ or -) on the
arrows indicates the direction of the possible change.
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arctic coastal waters [Davidson and Marchant, 1991). At
Figure 1. Concentration of 323 nm sbsorbing pigment per pg such concentrations the absorbance in the water column at
Suaroptyll @ from vasious isolates of Phacocysts Bt o e s compared with 14% m-! in
clear water {Jerlov, 1950 and is thus likely to mitigate UV
exposure to Co-ocCwITing organisms,
these UV-absorbing substances. Cultures of colonial cells of The possible ramifications of increased dominance of
Phaeocystis from the East Australian Current, Tasmanian Phaeocystis at the expense of diatoms in the marginal ice
coastal waters, the North Sea and the English Channel pos- edge zone are indicated in Figure 2. Few data are available

sess these compounds but at substantially lower concentra- to indicate the consequences of such a change in species
tions than found in antarctic material (Figure 1). The com- dominance. If however, as appears to be the case, crustacea
pounds are colorless, water soluble, labile and broken down selectively graze diatoms in preference 0 Phaeocystis, and
by bacteria. diatoms are of greater food value, then there is the possibil-

These UV-B-absorbing pigments confer a high level of ity that populations of krill and other grazers could be
protection to this alga, P hfemysus cultures were exposed to nutrient-limited with a consequent diminution of the food
mctegsmgU{’otgl mc. t;lsmg suz;lxlaidl;pnh%hmr m& available to higher trophic levels. Reduced availability of
:N' easuAlg stant. I Anxadmmweﬁc cg?:m:I Ifhaeo "g.s an oy  more relatively nutritious food may reduce the fecundity of
higl;er e1(r)rad1ancf.m than colonial cells og.:n t;l:wgast grazers [Verity and Smayda, 1989). Any diminution in
Auswralian current or motile cells from Autarctica. While ~ diaiom growth is likely 10 reduce vertical carbon flux. In ad-

; : 2 : dition to the reduced flux of feces and molts of grazers that
gi’;uaf:lcy;l:ci:sas &%ﬁ?‘g&aﬁ l:heli’rmlt::glvif chr%?rl‘a prefer diatoms there would be a decLine in the flux of di-
compounds [Yentsch and Yentsch, 1982]. In those species POC and DOC produced by Phaeocystis provide substrates
that do produce these compounds, their concentration is  for bacteria and microheterotrophs in surface waters. Res-
much lower than that found in Phaeocystis [J. Raymond, piration by these organisms is likely to result in higher con-
personal communicaiion; A. Davidson, unpublished data). centrations of CO; in the photic zone. Further, organisms of
Thus growth of the colonial stage of Phaeocystis rather than the microbial loop are more likely to produce smaller, slow-
diatoms is likely to be favored under elevated levels of UV- er-sinking particles than the feces and molts of grazers and
B. In Phaeocystis-dominated blooms the colonial cell con- thus constitute a lesser carbon flux than the larger, faster-
centration can be very high, reaching 6 x 107 cells 1- in ant- sinking material.
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Relationships Between Whale Hunting, Human Social Organization, and Subsistence
Economies in Coastal Areas of Northwest Alaska during Late Prehistoric Times

A

R. K. Harritt
U.S. National Park Service, Alaska Region, Anchorage, Alaska, U.SA.

ABSTRACT

The florescence of Eskimo whaling on northwest Alaskan coasts during Western
Thule times, A.D. 1000-1400, was followed by a shift to a more balanced sub-
sistence pattern for human inhabitants of many coastal areas during Kotzebue
Period times, from A.D. 1400-1900. The cause of this shift has been identified as a
change in the migration routes of whales passing through Bering Strait which pre-
sented a circumstance prohibitive to effective whale hunting. Previous inter-
pretations of social organization of the large whaling villages of the earlier portion
of this period have suggested that whale hunting provided a basis for development
of social ranking of village inhabitants with the umealik, or whaling captain, assum-
ing the role of a chief. Concomitant explanations for the later, more diffuse settle-
ment pattern encountered by early European explorers have not been previously
presented. An alternative position presented here is that prehistoric Eskimo soci-
eties retained many egalitarian tenets throughout late prehistoric times. This social
pattern provided flexibility in subsistence economies with nuclear families as the
basic unit transferable from one permanent village to the next, and as a segment of
society capable of effectively exploiting sparsely distributed seasonal resource;}ﬂ
this interpretation, social status can be construed as a seasonal phenomenoff in
which authority or rank was vested in an individual who had demonstrated special
skills and abilities in organizing and carrying out successful hunts, an other food
procurement expeditions. This status was relinquished as seasonal requizeraents for

food acquisition changed.

INTRODUCTION

Differing interpretations of social and subsistence aspects
of whaling by prehistoric and historic native inhabitants of
northwest Alaskan coz_'s have been presented over the past
30 years. Here I present an alternative interpretation to one
of these; a position taken by Sheehan [1985), who suggests
that social ranking developed in late prehistoric and early
historic Eskimo whaling villages. Sheehan argues that an
abundance of food provided by whale harvesting enabled

* influential individuals who were good whale hunters to

obtain and keep authority over less accomplished indi-
viduals within a village. Before discussing specific aspects
of Sheehan's [1985] argument and my own, it is important
to place Eskimo whaling in archaeological and historical
context.

THE PREHISTORY OF WHALING

The earliest evidence of a substantial focus on whaling
was found in Okvik/Old Bering sea components at the
Ekven site on East Cape, Siberia, dating to the beginning of
the first millennium A.D. [Ackerman, 1984:108-109;
Krupnik et al.,, 1983:559; Stanford, 1976:91-92]. A second
development of whaling techniques began by A.D. 500,
when technology necessary for hunting large whales, includ-
ing toggling harpoon heads, drag floats and umiaks, were
obtained by the human inhabitants of Bering Strait
[Bockstoce, 1979:93-95]. Evidence of this development
appears on Siberian shores by the time of the Punuk &adi-
tion, sometime around AD. 600 [Larsen and Rainey,
1948:37-39; Collins, 1964:94; Stanford, 1976:112-114;
Bockstoce, 1979:86-88; Ackerman, 1984:108-109;

WAL SALEDI.
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Figure 1. Selected Siberian and Alaskan prehistoric and historic whale harvesting sites, and present-day migration routes of gray and bow-

head whales; distribution of beluga whales is shown as well.

Anderson, 1986:110-111; Dumond 1987:124, 128-133]. By
A.D. 800-1500, the Punuk aspect of Western Thule culture
had developed an intense focus on whaling, reflected in
large numbers of huge whale bones at Punuk sites on the
coast of Chukotka and islands to the east [Ackerman,
1984:110-113; Dumond, 1987:128-131; Krupnik, 1987:
18]. Bockstoce [1979:94] notes that the ability to hunt large
whales was developed by inhabitants of St. Lawrence Island
1000 years before it developed on Alaskan shores. He fur-
ther points out that although an effective technology for
whale hunting existed on Alaskan shores by around A.D.
500, large whaling settlements did not develop until the
advent of the Western Thule culture, dating to as early as
A.D. 300. Therefore, although the means for harvesting
large whales was developed and utilized by Punuk groups in
Bering Sirait by A.D. 600, the largely contemporaneous Bir-
nirk inhabitants of Alaskan shores did not develop a focus
on whaling [Bockstoce, 19791. Changes that occurred on the
coasts of northwest Alaska after A.D. 1000 include flo-
rescence of large whaling villages, such as those located at
Wales, Cape Espenberg, Cape Xrusenstern, Point Hope and
Point Barrow (Utkiavik and Nuwuk) [Anderson, 1986:91-
92; Dumond, 1987:128-139; Harritt, 1989]. In nordhwest
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Alaska, the initial development of the large whaling settle-
ment ranges from roughly A.D. 1000-1400 [Anderson,
1986]. Development of whaling villages at Cape Espenberg
anu Cape Krusenstern occurred after A.D. 1000, but whal-
ing at these sites ceased around A.D. 1400 [loc cit.]). Some
few new ones were established in later times, at locations
such as Icy Cape and Kivalina [Anderson, 1986:323]. Kiva-
lina is a good example of a recently adopted whale har-
vesting site. Villages such as Wales, and Point Barrow were
established in prehistoric times and persist to present day
[Anderson, 1984:92, 1986:323].

Archaeological analysis of prehistoric whaling settle-
ments, stch as those at Cape Espenberg and Cape Kru-
senstern, can provide insight into the nature of changing
cultural patterns over long periods of time, In following this
reasoning, the present discussion follows Anderson's [1986)
recent interpretation of late prehistoric subsistence foci in
the Kotzebue Sound area because it describes a prehistoric
case of florescence and cessation of whaling,

Anderson's interpretation [1986:323] describes two bas.c
patterns, represented by the Western Thule tradition, dated
from A.D. 10M-1400 and the Kotzebue Period tradition,
dated from A.D. 1400-1900. Remains of the Western Thule




traditic ) at Cape Krusenstern reflect the importance of
whaling to this culture, with regard to settlement groupings
[Giddings, 1967:98; Anderson, 1986:70-71, 91-92). The
advent of the Kotzebue Period may be related to shifts in
prevailing wind direction and curments, sometime around
A.D. 1400 [Anderson, 1986:323-324). This environmental
change apparently resulted in shifts in whale migration
routes and ocean currents. This circumstance presented
human hunters with difficult access to migrating whales,
and resulted in the loss of opportunities for harvesting
[Anderson, 1986:110-111). Kotzebue Period inhabitants of
the coast then turned to a more diverse approach to sub-
sistence, one in which seasonal transhumancy across a tribal
territory reflected variable distributions of resources within
aregion,

SOCIAL INTEGRATION

It is important to point out that general agreement exists
among researchers on the importance of the nuclear family
in subsistence pursuits and socio-political organization.
There is also some agreement, at least, on the importance of
the extended family in these respects [Burch, 1980; Ray,
1983:151,160-161; Spencer, 1984:331]. On this basis, it
seems reasonable to accept Burch's [1980:266] inter-
pretation of traditional Eskimo society as being comprised
of loca! family segments. However, there is ongoing debate
about the existence and nature of tribes which, although not
crucial to this discussion, present questions about social
integration above the level of the family [loc cit.].

These areas of disagreement can be briefly described as
two extreme positions, derived from interpretations by Ray
[1975:105-106, 1983:150-151], Burch [1980:279-282],
Sheehan [1985] and Spencer [1959, 1984]. Ray, Burch, and
Sheehan present arguments for the existence of formal tribes
or societies. Burch is rather broad in his interpretation of
tribes, suggesting that tribal territories changed and that the
tribes themselves may have disappeared or been reorganized
through time, in response to changing ecological conditions.
In contrast, Spencer [1984:324] states flatly that the term
"...'tribe’ has little or no validity, but rather that group names
depend on local provenience within (native) territorial def-
initions...." Spencer [loc cit.] goes further to emphasize that
the membership of a group shifted through time, and might
at any point be made up of individuals who came from a
number of different places.

THE PROBLEM OF RANKING
IN WHALING GROUPS

1t is difficult to accept Shechan's [1985] interpretation of
social ranking in whaling groups without reservations
because of the preceding problems. Although Burch
[1980:264-266) also suggests that ranking was present in
such groups, he indicates that there were factors that mil-
itated against social integration, such as a tendency for divi-
siveness between local families within a village because of
territoriality. A number of points could be made that countar
the positions of Sheehan and Burch for ranking. But, here |
will discuss only those areas that are most problematic in
resolving the issue. These are: social integration, the rela-
tionship of population size to whaling, redistribution of
resources, and a tendency of Eskimo groups to fission dur-
ing periods of subsistence stress.

Integration. Perhaps the most basic assumption under-
lying the argument for ranking is that a degree of integration
existed above the level of the local or extended family.
Sheehan [1985:147-149] suggests that the whaling complex
served as an organizing focus centered around the umealik,
who attempted to recruit the best hunters for the crew of his
umiak. This was a circumstance in which familial relations
could be established with individuals with no actaal affinal
or consanguineous ties to the umealik. Such relationships
comprised sharing partnerships and established connections
between coastal and interior groups, to the mutual benefit of
both with regard to exchange of goods [loc cit.]. However,
in an alternative view, Burch [1980] suggests that umiak
crews were made up primarily of members of a single fam-
ily, Burch [1980:266] and Spencer [1984:331] both point
out that political integratior: was based on kinship, primarily
those of consanguineous relationships, while relatives of
either spouse were treated in a less preferential manner.

In further support of his position, Burch suggests that a
large traditional whaling village was made up of more than
one local family whose alfinal and consanguineous mem-
bership may include as many as 50 to 100 individuals
[Burch, 1980:262-263; also, Spencer 1959:65-66). Family
groups organized themselves spatially in clusters or family
"compounds” within the village, an arrangement in which a
family maintained a degree of social distance as well as spa-
tial separation from other families [loc cit.]. The social divi-
sions between compounds were nearly on the order of
divisions between tribes, with respect to perceptions of ter-
ritoriality [Burch 1980:266).

Population size. Shechan [1985:124] suggests that human
populations increased in size after the advent of whaling and
because of it, rather than prior to the time of its develop-
ment. This differs from Bockstoce's [1979] interpretation,
mentioned previously. Bockstoce suggests that relatively
large numbers of hunters were necessary to effectively
implement whaling techniques developed in Bering Strait,
some 1000 years before intensive whaling appeared on
Alaskan shores. Furthermore, it can generally be said that
population sizes in almost all areas of Alaska increased from
the earliest to latest prehistoric time,—this general trend
most likely resulted from increasingly effective methods of
exploiting available resources. It proceeded through late pre-
historic times, both prior o and following the florescence of
whaling [cf. Bockstoce, 1979:94-95; Dumond 1987:147-
149]. By the time of initial European contact in the early
nincteenth century, the populations of existing whaling vil-
lages were 500 at Wales, 400 at Point Hope, and 300 at Bar-
row [Oswalt 1967:90-99; Ray, 1975). These settlements
represent the large groupings necessary for traditional
whaling.

Redistribution of resources. Sheehan [1985:131-133)
suggests that the redistribution of whaling products was a
major source of the political power held by the umealik. He
floc cit] further suggests that this redistribution network
"..involved the entire settlement and its outlying areas.” In
this interpretation, redistribution followed the composition
of the crew—cross-cutting several families~rather than
being confined to a single local family. This view varies
with that of Burch [1980) and Spencer [1959:64-65] in
which the extended family is principal sphere in which
redistribution takes place. Burch [1980:268] goes so far as




to indicate that upon receiving his share of a whale, an unre-
lated hunter would then subdivide this in his family's redis-
tribution system. Given the various interpretations of
redistribution, the more conservative one would be Burch's
position, in which the whale is divided among the family of
the umealik first, and then among crew-members outside the
umealik's family. This arrangement would accommodate
distant relatives and formal sharing partners as well. In this
interpretation, goods flow through a familial sharing system
instead of directly from the umealik.

Fissioning tendencies of Eskimo groups. The economic
basis for ranking suggested by Sheehan [1985:131-136]
rests on an umealik's ability to control products of whaling
over a long term. However, Burch [1980:265-266] suggests
that even an "unusually gifted umealik" could not maintain
organization of a large local family over more than one or
two years in a diminished resource crisis. He further indi-
cates that the family unit would fission at these times, dis-
persing in small family groups [1980:274]. It is evident that
this tendency was in operation from Western Thule times
through the Kotzebue Period, as well [cf. Anderson, 1986].
As Anderson [1986:113] notes, the basic shift in human dis-
tributions around Kotzebue Sound was from concentrations
in large coastal settlements to small isolated settlements.
Burch's [1980:263] suggestion that most of the small vil-
lages encountered by European explorers were single family
settlements supports Anderson's interpretation. The ten-
dency of Eskimo groups to fission is a sccial mechanism
that would militate periods of environmental stress by
reducing numbers of humans within a given area, and dis-
tribute human exploitation of resources more evenly across
a region. The splitting up of village inhabitants militates
against formal ranking in a village, beyond any that is
present in each segment, or extended family.

DISCUSSION AND SUMMARY

Although the argument for ranking cannot be discounted,
it is apparent that more conclusive evidence of its existence
is needed. It is likely that opportunities for its development
occurred sometime over the several centuries that Wales and
Point Barrow were occupied. However, although circum-
stances of long-term occupation with apparent abundance of
resources are evident in northwest Alaska in these two
cases, it is curious that the social organizations of Wales and
Barrow did not evolve intc forms which set them clearly
apart from those of the inhabitants of less productive loca-
tions. The potential would be high for such a development,
if the processes described by Shechan were operating over
the course of several generdations of umealiks in either of
these villages. But the archzeological record shows no evi-
dence of such developments. Instead, it reflects cases such
as Cape Espenberg and Cape Krusenstern where the West-
emn Thule remains of whale hunters are succeeded by those
who pursued more diverse subsistence pattems.

The more rudimentary social organization, represented by
the local family segment, was the most basic division which
would be viable under the most stressful environmertal con-
ditions. Large aggregates such as whaling villages can be
viewed as task groups which formed temporarily to accom-
plish large tasks, such as whale harvesting, more effectively
than could single segments. These cultural tenets are at the
core of the egalitarian society but they also form the basis
for development of ranked society [cf. Fried, 1960]. With
respect to traditional Eskimo socio-political organization,
they were very likely at the threshold of a transformation. If
militating factors had been overcome, the transformation
would no doubt have been achieved.
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The Effect of Climatic Change on Farming and Soil Erosion
in Southern Greenland During the Last Thousand Years

Bjarne Holm Jakobsen
Institute of Geography, University of Copenhagen, Copenhagen, Denmark

r/ ABSTRACT

Soil studies in low-arctic South Greenland often reveal polysequence soil pro-
files. The study of these soils, dating of fossil surface horizons, study of land use,
and use of paleoclimatic information from studies of ice cores show a complex
interplay between climatic change, soil erosion and agricultural land use.

Two periods of agricultural land use are known in Greenland. From A.D. 985 to
about 1450 Norsemen settled in Greenland, and about 1915 moderm sheep breeding

started in southern Greenland.

The Norsemen deserted the area in late 1400, and no exact knowledge exists

about their fate. But soil profiles and large erosion areas of desolation tell us about
their problems. Climatic fluctuations, soil erodibility factors and insufficient man-
agement response on environmental feedbacks probably caused the termination of
the Norse era.

The expanding modem sheep breeding industry is facing the same problems as
the Norsemen did. In spite of agricultural research and large investments in winter
fodde: production, stables and infrastructure, it seems difficult to practice a bal-
anced land use as regards carrying capacity. Soil erosion accelerates, and the dev-
astation of a unique landscape will be the consgquence, if the really limiting factors

for agricultural land use are not recognized.

INTRODUCTION

In the two periods of agricultural land use in Greenland,
the basis has been grazing of the natural vegetation, In
South Greenland luxuriant vegetation covers large areas in
the inner parts of the fjord landscape. During the late 1970s
and early 1980s it was planned to intensify the sheep breed-
ing industry in these areas. At that time The Home Rule of
Greenland and The Ministry of Greenland initiated inter-
disciplinary studies to evaluate the environmental impact of
this change in land use. Special emphasis was laid on effects
on soils and vegetation.

The study of soil profiles gave information on periods of
serious soil erosion. The evaluation of consequences for the
landscape caused by present-day changes in land use, there-
fore, also includes an evaluation of which role substantiated
climatic fluctuations during the Holocene played in relation
to soil erosion.
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GEOGRAPHICAL CONDITIONS

The study area covers the ice-free landscape from the
Davis Strait coast, through areas traversed by deep fjords, to
the present margins of the Inland Ice (ca. S000 km?).

The low-arctic climate shows a trend from an oceanic
para-arctic type in the outer coast areas {0 a more con-
tinental paraboreal type in the inner regions. The low sum-
mer temperatures of 5-7°C, and foggy and moist conditic 1s
in the areas close to the Davis Strait are mainly due to we
icedrift from the Polar Sea with the East Greenland current
around Kap Farvel. Summer temperatures increase to about
10°C at the heads of the fjords, and the yearly precipitation
here decreases to about 600 mm, whereas outer coast areas
show an average of about 900 mm.

The climatic trend is the main factor for the vegetational
zonation. Dwarf shrub heath, rich in mosses and lichens,
covers the peninsulas and islands of the skerries landscape.
Going east the vegetation changes, and in the continental




Hor. Depth Texture %C pH CEC %B.S. Fe Al Si
Ah 0-5 Silt loam 9.8 56 36.3 32 3.0 09 0.1
E 5-12 Silt loam 33 50 179 19 32 1.0 0.1
Bsl 12-28 Sandy loam 13 4.5 224 7 9.7 2.7 0.2
Bs2 28-45 Sandy loam 1.0 48 12.2 6 27 30 0.3
C 45- Loamy sand 04 53 5.8 9 14 1.9 04

Table 1. Textural and chemical characteristics for the dominating soil in the area. Soil horizon (Hor.) depth is in cm, pH values are measured
in 2 0.01 M CaCl, suspension, cation exchange capacity (CEC) is in meg/100 g and acid oxalate extractable Fe, Al and Si values are in per

thousand by weight.

regions with warmer summer periods subarctic types take
over. Subarctic birch forest and copses of willow are here
interspersed with birch heath and open grassland com-
munities. Fens and bog areas are found around lakes and
along streams.

The climatic and vegetational ~onation is clearly reflected
in the geography of soils. Generlly, the zonal soil type
changes from a strongly leached, very acid Podzol type in
the outer coast area to a moderately leached, weakly podzol-
ized Brown Soil type in the warmer and more dry conm-
tinental areas. In Table 1, data are presented from a
characteristic soil. The distribution of Fe, Al, Si and CEC
values in this moderately acid soil shows a translocation of
Al-Fe-Silicate material into Podzol B horizons, probably
mostly induced by inorganic processes [Jakobsen, 1989). A
very important characteristic is the *wo-sequential parent
material. Generally, soils develop on coarse-textured tills or
glaciofluvial materials, both covered by a mantle of late-
glacial loess, whose thickness at different positions in the
landscape generally varies from 5 to 40 cm. Therefore, the
nutrient-rich and biologically active part of the soil is mostly
developed in loess material,

CLIMATIC FLUCTUATIONS

Oxygen isotope analyses of ice cores from the Greenland
ice sheet reveal a general climatic record of the past. The
record shows medium—frequent climatic changes during the
Holocene and confirms various kinds of historical informa-
tion on a relatively warm mediaeval period followed by a
cold period, "The Little Ice Age."
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Figure 1. Variations in precipitation, mean annual temperarure and
mean temperature of the growing season for the period 1961-1989,

In addition to these long-term climatic changes, the cli-
mate varies markedly on a short term. These variations,
especially length and warmth of the growing season and the
soil water balance, have an immediate biological effect as
they influence plant production. Figure 1 shows the seasonal
variations in precipitation and temperature (1961~1989).

During the growing season, the soil water balance is pri-
marily influenced by the frequency of strong, dry fochn
winds from the Ice Cap.

Daily potential evapotranspiration of up to 15 mm has
been measured in foehn situations and confirmed by meas-
uring the rate of soil water loss. In Figure 2 variations in soil
water balance are illustrated for the period 1985-1989. As
most soils have a soil water storage of 75-100 mm at field
capacity, it is evident that the water supply in some years is
a limiting factor for plant production.

Based on NOAA-AVHRR satellite data, the calculatior:
of Normalized Difference Vegetation Indices (NDVI) has
been used for monitoring the biomass production [Hansen,
1991]. Using the integrated NDVI (iNDVI) as an estimator
of the total biomass production during the growing season,
calculations for the period 1985-1989—for a test area—
show values of 1160, 910, 1080, 960 and 1050 kg ha-1 (dry
biomass), respectively. Based on results from this five-year
period, warm summers generally give the highest plant pro-
duction. Also the length of the growing season influences
positively the total biomass production. Even though the
vegetation in some areas suffers from water stress, the
warmth and length of the growing season (amount of
degree-days) is pre.sumably the most important factor for the
total, annual plan production,

FARMING AND SOIL EROSION

Farming was introduced for the first time in the history of
Greenland when Norsemen around A.D. 985 settled in
southern Greenland. They arrived at the end of a very favor-
able climatic period, and settled mainly in the interior, with
its luxuriant vegetation and warm summers.

The Norsemen were farmers first of all, even though they
supplemented the daily fare by hunting seal, fish and cari-
bou. The agricultural system was based on sheep and cattle
grazing the natural vegetation. During winter periods, stall-
feeding of the cattle was necessary. Mainly hay from
fenced, manured and irrigated homefields was used as feed.
The clearing of copses and woods by fire and axes and the
grazing of the natural vegetation caused a dramatic change
of the landscape. Paleobotanical investigations by studies of
pollen in accumulated organic-rich deposits [Fredskild,
1978] indicate a marked change from a landscape character-
ized by woods and copses interspersed with grassland to
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open-ground landscapes followed by a reflourishing of
plants from the pioneer vegetation.

What factors caused the extinction of the Norsemen in
the 15th century? Did a climatic cooling and the probable,
resulting decrease in biomass production trigger a collapse
of the Norse agricultural community? In this paper results
from the study of soil profiles in the area are used to elu-
cidate part of the complex interaction.

Soil profiles can be divided into four groups, each show-
ing a characteristic sequence of soil horizons (Figure 3). In
addition to these soils large erosion areas are seen in the val-
leys in the continental interior (Figure 4). The four soil pro-
file groups have the following characteristics: Type 1, which
is not notably affected by erosion/deposition features, is not
very common in the area. It shows a distinct Podzol mor-
phology developed in till/glaciofluvial material covered by
late-glacial loess. Type 2 is normally found in the open
landscape at some distance from Norse settlement sites. It
shows a Podzol type 1 covered by loess and sandloess. The
thickness—which spans from about 5 cm to over 1 m—and
the mean grain size of this younger windblown material
generally decrease from the the continental interior to the
skerries. Type 3 is found in homefield areas from the Norse
period. In principle, it shows a similar morphology as type
2. But in contrast to this, charcoal fragments are observed in
the younger acolian material. In all type 3 soils studied,
charcoal fragments were found from the A horizons of the
buried Podzols and upwards. The upper part of the younger
loess deposit was normally free of charcoal fragments (Fig-
ure 5). Type 4 represents a soil where deposits covering the
Podzol also include layers of fluvial material. Furthermore,
there is at some sites observed a second fossil humus-rich A
horizon and a distinct Podzol! morphology in the ycunger
acolian material. Charcoal fragments are confined to the
lower part of the younger windblown material, down to the
A horizon of the deepest-lying Podzol.

Nine 14C-datings were carried out of larger charcoal frag-
ments from type 3 and 4 profiles. All four datings of char-
coal fragments from the A horizon of the buried Podzols
gave dates at the very beginning of the Norse era. Two dat-
ings from distinct charcoal layers in the middle of the char-
coal-containing acolian material gave ages of about A.D.
1150 and 1225. Three datings of the uppermost charccal
fragments found in soil profiles gave ages of about 1300,
1350 and 1375, respectively.

These results indicate that apart from the late-glacial
period, no erosion and deposition by wind of any impor-
tance occurred prior to the Norse era; soil formation until
then took place on generally stable landscape surfaces in
spite of medium-frequent climatic changes during the Hol-
ocene. The consequent occurrence of charcoal in the A hori-
zons of the buried Podzols in all studied type 3 and type 4
profiles as well as the substantiated, extensive soil erosion
less than 150 years after landnam indicate a very con-
centrated settlement period and the appearance of soil ezo-
sion early in the Norse era.

The soil horizon sequence of type 4 profiles indicates a
decrease in soil erosion and a stabilization of landscape sur-
faces. This fossil, stable land surface shows a distinct Pod-
zol. In consideration of the intensity of scil-forming
processes in a moderately humid subarctic environment, this
stabilization occurred shortly after the Norse era. A marked
recovering of the vegetation and a stabilization of large ero-
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Figure 3. Characteristic soil profiles from southern Greenland.

Figure 4, Erosion border and deflation plain in a valley in the continental interior of southern Greenland.
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Figure 5. A soil profile, type 3 (Figure 3).

sion areas thus took place in "The Little Ice Age,” in spite of
unfavorable climatic conditions. A renewed acceleration of
soil erosion is seen at several sites, revealed by the cover of
sandloess on land surfaces probably stable in the period
A.D. 1600-1900 (I A in profile 4 in Figure 3). Recent stud-
ies of pollen and windblown material in lake sediments
[Fredskild, personal communication] support the assump-
tion of a reestablished ecosystem balance following the
Norse era, and renewed accelerated soil erosion within the
present century.

The second period of agricuitural land use started about
1915. In most of the century more than 50,000 sheep have
been grazing mainly in the areas densely settled during the
Norse era. This extensive modem sheep-breeding developed
in a period with warmer and favorable climate. The estima-
tion of present grazing resources [Thorsteinsson, 1983] indi-
cates sufficient summer grazing for at least 100,000 sheep.
In spite of these favorable conditions, renewed extensive
soil erosion characterizes the area today.

CONCLUSIONS

Beyond doubt, climatic fluctuations will reduce or
increase the yearly biomass production and have an influ-
ence on the subarctic forest. Studies of annual biomass pro-
duction (1985-1989) indicate variations up to 25%. But
fluctuations in biomass production of this magnitude are
hardly in themselves crucial for the success of the applied
agricultural land use system. The soil characteristics empha-
size the importance of understanding the impact of agri-
culture—in this case based on extensive grazing—on the
ecological balance of this marginal subarctic environment
with its characteristic, short-term climatic variations, before
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the influence of long-term climatic changes can be properly
analyzed.

During the Norse era the favorable continental interior
was presumably densely settled after a few generations. Due
to catastrophic years as regards the climate—especially high
foehn activity—grazing bevond doubt broke the vegetation
cover at exposed sites. Notwithstanding a climatic cooling
or warming, it would probably have been impossible to
achieve an ecological equilibrium as regards carrying capac-
ity if extensive grazing of the natural vegetation was intro-
duced in this marginal area. Therefore, in this case, the basic
ecosystem, characterized by its geographical conditions,
such as soils, erodibility factors, short-term climatic fluctua-
tions and catastrophic events, directly determines the suc-
cess of a specific land use system, much more than the
influence of medium~frequent climatic changes.

Undoubtedly, the climatic cooling at the beginning of
"The Little Ice Age™ around 1300 worsened the problems
for the Norsemen and accelerated the final collapse of their
isolated community. They had to face somewhat shorter
growing seasons, higher needs for yielding winter fodder,
and a more isolated position as sailing probably was
impeded by increased ice drift along the coast. Instability
and tensions have also accentuated the general stress upon
the community, especially when the centers for wealth and
political power at the most favorable inland sites expe-
rienced the consequences of soil erosion.

In the main, modem sheep breeding practices the same
land use system as the Norsemen and will therefore expe-
rience similar problems. Major parts of the South Greenland
landscape will be further devastated. The apparently luxur-
iant vegetation and high, estimated grazing potential divert
attention from the really limiting factors. Severe and spread-
ing soil erosion will occur a long time before the limit will
be reached for grazing the potential vegetation resources.

This conclusion is important for the agricultural man-
agement today. A balanced land use cannot be obtained by
adjusting the number of sheep primarily to vegetation poten-
tials. A recognition of the true Achilles' heel of the eco-
system requires a land use practice with very low grazing
intensity and the protection of exposed areas, At the same
time there exists political and economical pressure to
expand the sheep breeding inGustry. Unfortunately, this con-
flict has a universal character.
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Climate and Landscape Perestroykas
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ABSTRACT

Northern moss-lichen wood communities are becoming degraded progressively
in many regions. That is why the question of their substitution to grass com-
munities, ones less sensiiive {0 mechanical and chemical loads, is widely discussed.
The problem of landscape reorganization in Northeast Asia is interesting in this
connection. Today, territories are over-moist and low productivity moss-lichen
covers are distributed everywhere. But, a rich pasture ecosystem existed here in the
Late Pleistocene. Many people relate the phenomenon of arid climate mammo*h
steppes and their destruction to replacement by humid conditions in the Holocene.
But in Northeast Asia the climate is arid even now, since the radiation index of dry-
ness is more than 1 and even reaches 3. In Lower Kolyma, grasses can evaporate 2—
3 times annual rates of precipitation (4—6 times more than mosses and lichens evap-
orate). A mathematic model describing relations between various competitive plant
communities depending on climate and activity of erosive—accumalative processes,
pasture loads and CO2 concentration is proposed. It is shown that the influence of
these factors is more significant than that of climate alone. Maps of northern hemi-
sphere plants in the Pleistocene are calculated, as well as maps forecasting plant
distributions arising from future climatic and CO; changes. The possibilities of arti-
ficial regeneration of high-productivity pasture ecosystems are considered.
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Trajectory Analysis of the Atmospheric Carbon Dioxide
Bimodal Distribution in the Arctic

Kaz Higuchi and Neil B. A, Trivett
RAGS Research Section, Atmospheiic Environment Service, Downsview, Ontario, Canada

ABSTRACT

kAexamination of detrended atmospheric CO, time series from two arctic mon-
itoring stations, Alert and Mould Bay, shows a very prominent seasonal cycle with
a very broad maximum in the winter and a very sharp minimum in the late summer.
The amplitude of the cycle is about 15 to 16 ppmv (parts per million by volume).
This seasonal cycle is a reflection of the metabolic cycle of the and biota in the
northern hemisphere. During the period of broad maximum conce::i «fic . in winter,
the time series of CO, shows, in some years, a bimodal feature it x . clative min-

imum in late winter.

The bimodal distribution is difficult to explain in terms o;

. .J photosynthetic/

respiratory cycle of terrestrial biospheric activities in the middle latitudes, and (2)

anthropogenic activities. In this paper,

we will speculate and discuss the bimodal

feature in terms of the evolution of the atmospheric circulation in the Arctic.

INTRODUCTION

An examination of detrended atmospheric CO; con-
centration time series from two arctic monitoring stations,
Alert and Mould Bay, shows a very prominent seasoi.al
cycle with a very broad maximum in winter to early spring
and a very sharp minimum during the late summer. The
amplitude of the cycle is about 15 to 16 ppmv (parts per mil-
lion by volume). It is believed that this seasonal cycle is a
reflection of the photosynthetic/decay cycle of the land biota
in the northem hemisphere. Composite average of the de-
trended seasonal cycle shows a gradual increase in the CQy
concentration from late November to April, falling very rap-
idly thereafter. During this period of broad maximum in
winter, the time series show, in some years at least, a bi-
modal feature, with a relative minimum in the latter half of
winter (Figure 1a,b). This type of feature can also be seen in
such chemical species as sulphate.

In this study, we show some preliminary evidence sug-
gesting that the bimodal distribution can be explained, at
least in part, by changes in the winter atmospheric circula-
tion in the Arctic.

PROCEDURE

The CO, flask sampling programs at Aleri and Mould
Bay are described in Higuchi et al. [1987], Komhyer et al.

[1985], and Wong et al. [1984]. At Alert, the samples are
obtained about once per week using evacuated 2-liter flasks,
At Mould Bay, the samples are normally collected twice per
week using 0.5-liter flasks that are pumped up to a pressure
of 1.5-2 atm.

Nine years (1980-1988) of atmospheric CO, measure-
ments from Alert and Mould Bay were chosen and an-
alyzed. To each of the data sets, we applied the following
steps:

(1) Equally spaced data were obtained by filling gaps in
data by linear interpolation;

(2) A third-degree polynomial was then fitted to the CO;
time series in a least square sense to remove secular trend;
and

(3) A 28-day equally weighted running mean was applied
to each of the detrended time series as a smoothing
procedure,

Figure 1 shows the results of the application of these
steps. There is a great deal of interannual variability in the
way the CO, concentration evolves during the winter sea-
son. In particular, in some years there is a relative minimum
lasting about half a month or so during late winter. To ob-
tain an explanation for this phenomenon, we proceeded to
examine the statistical distribution of trajectories arriving at
Alert and Mould Bay. This is based on the assumption that
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Figure 1. Detrended seasonal CO, cycle at (a) Alert, and (b) Mould Bay. Dots represent actual observed values minus the trend. Solid line is
a 23-day running mean smoothing function. Note the interannual variability of the distribution of the winter concentration values.




the bimodal distribution produced by the relative minimum
in the COy concentration is due to a change in the at-
mospheric circulation pattern.

A 5-day back trajectory analysis was carried out using a
constant acceleration, three-dimensional isobaric trajectory
model. Three-dimensional trajectories were calculated for
every day, when possible, from 1 November to 30 April for
each of the years from 1980 to 1988. Trajectories originated
from Alert and Mould Bay, starting at the 850 mb level, and
at 00 GMT.

Positions of the 5-day back trajectory "origins" were cat-
egorized into six sectors, each 60° longitude wide (Figure
2). The number of times the trajectory "origins™ feli within
Sector 1 on November 1 from 1980 to 1987 were obtained
and divided by the number of November 1 days for which
the trajectories were calculated. In this way, a normalized
frequency for November 1 was obtained, giving an
indication of probability of a trajectory "origin” falling in
Sector 1 on November 1. The above procedure was repeated
for the remaining days (2 November to 30 April, 1980 to
1988) and for each of the sectors.

RESULTS AND DISCUSSION

The length of the data we used is too short to obtain
conclusive evidence for what we are attempting to show.
However, the following preliminary results do suggest a
connection between the CO, bimodal feature and the at-
mospheric circulation patter.

Sectors 1 and 2 are considered to be anthropogenic
sources of CO, for the atmospheric carbon dioxide. Cli-
matologically, air parcels arriving at Alert and Mould Bay
from Sectors 1 and 2 will tend to give higher concentration
values at these stations. When the atmospheric circulation

Figure 2. Six sectors into which 5-day back trajectory "origins" are
categorized. Sectors 1 and 2 are major sources of anthropogenic
CO,.
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changes and air parcels arrive from other sectors, the con-
centration drops [Higuchi et al., 1987]. Figure 3 shows the
1980-1988 climatological frequency with which the
trajectories "originate” in Sectors 1 and 2 for each day from
1 November to 30 April. For both Alert and Mould Bay,
there is a drop in the frequency of air parcels arriving from
Sectors 1 and 2 during January and the first half Jf Feb-
ruary. This corresponds to the time when, in some years, the
CO, concentration decreases.

To perform a specific case study of the proposed
relationship between the CO, bimodal distribution and the
atmospheric circulation change, we chose the winter of
1980-81. Figure 4 shows normalized frequency for Alert
and Mould Bay. It appears that during most of January air
parcels arriving at the monitoring stations "originated” from
areas other than Sectors 1 and 2. This is consistent with rel-
atively lower CO; values measured at the stations during the
same period. Other years with the CO, bimodal feature dur-
ing the winter season are under investigation.

SECTORS 1 & 2: 0-120 DEG (ALERT)

SECTORS 1 & 2: 0-120 DEG (MOULG)

e

NORHPLI2E0 FREOUEMCY

Figure 3. Normalized 1980-1988 climatological frequency with
which the 5-day back trajectory "origins" fall within sectors 1 and
2 for (a) Alert, and (b) Mould Bay. Dashed line denotes 5-day nmn-
ning mean.
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Figure 4. Same as Figure 3, except for the period 1 November to
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CONCLUSION

Preliminary results of this study suggest that the bimodal
distribution in the winter carbon dioxide concentration in
the Arctic, when it occurs, is due at least partly to a change
in the atmospheric circulation. Relatively low values of CO,
concentration are likely to be observed when there is
persistent lack of arrival, on a monthly time scale, of air
parcels from Sectors 1 and 2, a major regional source of an-
thropogenic carbon dioxide in the Arctic.
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Winter CO3 Flux from Ecosystems in Northeast Asia

S. A. Zimov, G. M. Zimova, U. V. Voropaev, Z. V. Voropaeva, S. P. Davydov,
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ABSTRACT

To provide high concentrations and annual variations of CO3 in the atmosphere
at 70°N latitude, the existence of substantial winter sources is required. Winter
activity of microbicta is low, thus a high flux of CO; from ecosystems is hardly to
be expected. To address this contradiction a program of measurements of local COp
fluxes and CO2 concentrations in soil in the low Kolyma has been initiated. The
environments include maritime tundra territories, taiga, mountains, and lowland.
An original express-method is proposed.

Thie analysis of materials demonstrates very high spatial and temporal variations
of loca! fluxes as well as important contributions tc local CO; variations produced
by ecosystems in Northeast Asia.
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Peat Accumulation Rates in Arctic Alaska:
Responding to Recent Climatic Change?

D. M. Schell and B. Barnett
Water Research Center, University of Alaska Fairbanks, Fairbanks, Alaska, U.S A.

ABSTRACT

The accumulation of peat in arctic Alaska has left deposits up to 2 meters in
depth with basal ages of over 12,000 years B.P. The radiocarbon depressions in the
peat serve as natural tracers of peat carbon movement in ecosystem processes.
Many organisms collected from arctic Alaskan lakes and rivers show radiocarbon
and stable isotope compositicns that indicate that peat is being mobilized and acts
as a major energy source to food webs. However, the large inputs of bomb radio-
carbon from weapons testing in the late 1950s and early 1960s should be producing
elevations in radiocarbon content, since decomposition of recent vegetation is pre-
sumed to be the primary source of particulate and dissolved organic matter in
streams. All vegetation produced in the Northern Hemisphere since about 1958 has
elevated radiocarbon concentrations. A net radiocarbon depression in consumers
implies that the export of "old" peat carbon vastly exceeds that released from nor-
mal decay of recently grown plant material. Samples of dissolved organic carbon
from tundra streams now being dated may help ascertain the source of carbon
export.

Upland valley peats show a truncated radiocarbon profile at the top at 1000-
2700 years B.P., indicating that peat accumuletion has ceased. Cores from the
coastal plain show that accumulation is still continuing, but decreases in soil carbon
content in upper soil horizons imply slower rates. Peat cores were collected along a
ransect parallel to the Beaufort Coast near Prudhoe Bay and along a coast-to-
foothills ransect from Prudhoe Bay to Toolik Lake. Radiocarbon profiles of these
ceres are to be duted and should lead tc « better understanding of the role of perma-
frost peatlands in carbon storage.
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Microbial Mineralization in Soils and Plant Material from Antarctica

Manfred Bolter

Institute for Polar Ecology, University of Kiel, Germany

ABSTRACT

The process of microbial mineralization was analyzed in soil samples and plant
material, mainly lichens, from the maritime and continental Antarctic (King George
Island and Wilkes Land, resp.) to examine effects of tempesrature and moisture.
Three methods were used: total CO2-evolution and biological oxygen deinand as a
measure of general metabolic activity, and remineralization of 14C-labeled gluccse
(which may serve as a model for dissolved organic matter) as a measure of the
activity of heterotrophic microorganisms. These methods are used as indicators for
different fractions of organic material and microbial populations.

A comparison of the results of these methods showed that the portion of respired
material from 14C-labeled glucose may even outcompete the totally metabolized
material, These data differ with respect to the parent material and thus give an indi-
cation of its quality and the actual activity of the bacterial population which is con-
sidered to be mainly responsible for the turnover and mineralization of dissolved
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organic matter.

INTRODUCTION

Harsh environmental conditions in polar systems lead to
several adaptive strategies at the level of microbial popula.
tions, such as metabolism at low temperatures, at low sub-
strate concentrations, or survival during states of dormancy
[Bailey and Wynn-Williams, 1982; Vincent, 1988; Wynn-
Williams, 1990). These adaptations are importaat for the
survival of the organisms and the system itself which is gov-
erned by short time spans of possible metabolic activity.
The crganisms must communicate very effectively by short
paths for the exchange of matter and information between
producers and consumers.

This leads to distinct structures of the terrestrial microbial
populations in terms of their close contact between both the
individual organisms and their substrates. However, it
reveals problems in estimating the metabolic rates of indi-
vidual populations because it is difficult to separate them fo:
detailed analyses. Thus, measurements of overall activity,
such as CO,-gas exchange, biological oxygen demand,
enzymatic activities, or the use of model substrates have
become importanit tools for analyzing the metabolic rates for
these systems, Consideration of the specificity of these
methods is required, i.e., that individual parts of the popula-
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tion or parts of the organic matter show different results
with respect to the methods used. Hence different methods
of measuring respiration may show results due to different
populations or processes detected.

This approach employs three methods which may be used
to describe different parts of the population as well as differ-
ent fracons of the organic matter:

*Total CO,-evolution, a measure of the total actual meta-

bolic activity under nearly undisturbed conditions;

*Biological oxygen demand, describing aerobic po -..ial

metabolic activity under water saturation;
*Kemineralization of giuccse, describing the potential
keterotrophic activity of osmotrophic microorganisms,
mainly bacteria.
These methods give information about the reminer-
alization of organic matter in the soil ecosystems with spe-
cial respect to mucrobial organisms on lichens.

MATERIAL AND METHODS
Samples
Samples of different soils and lichens were collected in
the vicinity of Casey Station (Wilkes Land, Continental
Antarctica) and of Arctowski Station (King George Island,




Samples n LOI POC PCHO MCHO BBM
% % ppm ppm pgCg-l
Casey:
Soil (med) 11 50 30 2484 256 047
(min) 1.6 0.5 564 0 0.06
{max) 21.1 7.8 966.6 1155 1.09
Lichens (med) 4 80.1 254 1609 86.8 3.82
(min) 394 182 0 0 9.04
{max) 944 41.7 14987 1187 0.33
Arctowski:
Soil (med) 11 209 2.7 142.7 84.3 1.94
(min) 34 0.8 9.8 122 0.63
(max) 40.1 323 1337 641.8 11.00
Lichens (med) 18 869 339 2655 1849 1.52
(min) 119 45 188 209 15.90
(max) 98.3 437 8697 6419 0.51

Table 1. Organic matter and bacterial biomass of soil sa ples and lichens. Data given arc median vales (med) and range (max: maximum,

min: minimum). LOI = Joss on 1gnition;
carbohydrates; BBM = bacterial biomass.

Maritime Antarctic) during austral summer 1985/86 and
1986/87, respectively. The soil samples (surface horizonts:
depth 0-2 c¢m) comprise those of barren soils from sites on
fells, surface samples with dry moss cushions and crustose
lichens, surface samples with layers of green algae, and
samples from meadows with Deschampsia antarctica from
Arctowski. Lichens are fruticose and crustose. Details of the
samples are given in Tables 1-2, and Figures 2-3.

Methods

CO;-evolution. Measurements of CO,-gas exchange were
performed in temperature-controlled flow chambers. The
CO; was measured by an infrared gas analyzer at different
temperatures and moisture conditions. The equipment used
is a modified version of the device described in detail by
Kappet et al. [1986].

14C-glucose mineralization. U-14C-glucose was used for
measurements of uptake and respiration by using the non-
kinetic approach, Twenty-six nanograms of this substrate
were added to a water suspension (10 g soil/10 ml water)
and incubated in time series. Subsamples were used to
measure the respired 14CO, which was trapped in cth-
anolamine anu measured by liquid scintillrtion counting.
For details see Harrison et al. [1971), Meyer-Reil [1978].

Oxygen consumption: 5-10 g <nil were incubated in 50
ml water and apparent oxygen concentrations were meas-
ured by an oxygen probe after 12, 24 and 48 hours. These
results are converted into stoichiometric equivalents of CO,
according to the respiration equation.

Soil characteristics: Microbial biomass was estimated
from bacterial counts by epifluorescence microscopy and
converting biovolume into biomass [Zimmerman et al.,
1978; Boiter, 1990]. The actual glucose concentration (free
monocarbohydrates, MCHO) and particulate mono-
carbohydrates (PCHO, measured after acid hydrolysis) were

POC = particulate organic matter; PCHO = particulate caxiohydrates; MCHO = free mono-

Sample Type* 5°C 15°C 25°C
o)) A 2420 79.8 372
C8 B 10112 911.0 531.2
Cil c 216 224 15.5
Cl4 A 169.0 102.0 70.7
C17 C 0 0 G

c2 B 419 230 0.8
C25 c 0 61.1 0

C28 A 1129 552 60.4
C29 B 78.1 289 258
C30 A 379 138 99

Table 2. Glucose mineralization (CO, production) of the soil sam-
ples of Casey in rzlation (%) to the data of the CO, gas exchange
for three temperatures. *Type A: sand with dry moss cushion and
crustose lichens; Type B: sand with green layer of algae; Type C:
sand with no apparent organisms (lichens or algae).

determined according to Dawson and Liebezeit {1983). Par-
ticulate organic carbon (POC) was analyzed by a CHN-
analyzer (Here 2us Co., Germany).

RESULTS AND DISCUSSION

Table 1 gives an overview of the soil samples with regard
to some constituents of the organic matter and the bacterial
biomass as estimated by epifluorescence microscopy.

The surface samples show fairly high amounts of organic
matter, due to their plant cover by moss cushions, crustose
lichens and a'zae. There are considerable amounts of free
glucose (MCHO), indicating an environment which is not
limited by organic matter.

Considerable differences exist with regard to the :ndi-
vidual fractions of organic matter as represented by POC




601 5°C Casey {A)
S04 B1i5°C .
82 Glucose-Remineralisation

pg CO; 97" h?

1607 Casey (8)
7 1201 C0,-gas exchange
~ 80 \
2 4 N \
N N
N N

N § d §
X % " N N

CiL C17 €22 C25 C28 C29 CX0

C1 C5 C8 Cn

Figure 1. Apparent CO, production rates of soil samples from
Casey measured by glucose remineralization (A) and total CO, gas
exchange (actual water content) (B) at different temperatures. The
nutrient states of these samples is given in Table 2.
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Figure 2. Apparent CO;, production rates of soil samples from
Arctowski measured for glucose remineralization (A), oxygen con-
sumption (B), and gas exchange under actual water content (C) and
enhanced water content (D) for different temperatures. Samples
Al-1, A5-1, A6, A10-1, Al13-1, AlS, A20-1, A20-2, A21: dry
moss cushion with sand and crustose lichens; A9-1, Al4-1: soil
with roots from Deschampsia antarctia.

(measured by CHN-analysis) and the loss on ignition (LOI,
measured by combustion at 550°C). Few samples fulfill the
assumption that approximately 50% of the LOI can be rep-
resented by POC, and most show a much wider span, indi-
cating different qualities of the organic matter.

Data from the gross mineralization process (CO,-gas
exchange) are given in Figures 1-3, In order to estimate the
effects of varying water content, the incubations of the sam-
ples from Arctowski were carried out using the ambient
water content of the sample and under an increased water
content of 50%. The effect of the elevated water content is
evident for the overall respiration and acts as an enhance-
ment of respiratory activity by more than double of the sam-
ple incubated under actual water conditions.

The data of the total COz-evolution show strong rela-
tionships to the concentrations of organic carbon and tem-
perature. This is evident for both data s~ts, although it is
difficult to establish functional relations * js. As such, the
amounts of organic matter are higher in the samples from
the maritime Antarctic. However, this is not concomitant
with the enhancement of the mineralization rates (cf. sam-
ples Al4-1, A15 compared to samples C22, C25).

The response to increasing temperature is generally pos-
itive but shows different functional relationships among the
individual samples.
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Figure 3. Apparent CO, production rates of lichens from Arctow-
ski measured for glucose remineralization (A), CO,-gas exchange
under acwmal water content (B), and CO,-gas exchange under
enhanced water content (C). Samples: A17: crustose lichens (Buel-
lia sp., Ochrolechia sp.); A18, A32: Usnea antarctica; A19, A3l:
Alectoria sp.; A22, A2S: Leptogium sp.; A23: Umbilicaria sp.;

A24: U. fasciata; A26, A27: Ochrolechia sp.; A28: Placopsis sp.;
A29, A36: Stereocaulon sp.; A30: Cornicularia sp.; A33: Och-
rolechia sp.; A34: undefined crustose lichens on dry moss cushion;
A35: Parmelia sp.




Temperature: 5°C 15°C 25°C
Method: GR GE BOD GR GE BOD GR GE
Samples
Soils 43.0 2144 62.8 17.0 235.6 74.8 9.2 2019
Lichens 59.5 168.0 526 168.4 29.1 151.8

Table 3. Mean values of the C

production (%) of the different methods in relation to the CO, production (gas exchange) measured under

actual water content of the samples from Arctowski. GR: glucose remineralization; GE: CO,-gas exchange (water content 50%); BOD: oxy-

gen demand (recalculated for CO, production).

The COs-evolution by plant material, mainly crustose
and fruticose lichens, is at least double that from soil sam-
ples. It also seems evident that the lichen samples show a
significant contribution to glucose mineralization. This may
be due to the epiphytic bacterial population which is con-
suming organic material produced by the lichen. The pro-
cess of the "exudation," however, is still unclear, Tearle
[1987] showed that high amounts of dissolved car-
bohydrates, mainly sugar alcohols, are released after the
physical stress of freeze~thaw cycles during spring scason.

The remineralization of dissolved organic matter (based
on 14C-glucose) can be considered to be mainly due to
osmotrophic organisms, i.¢., bacteria and other small hetero-
trophs. The responses to temperature are not as clear as
those from total COp-cvolution. This may be a result of dif-
ferent active microbial populations and special problems of
nutrient availability.

When comparing these data with those from total CO,-
evolution, it is possible to calculate the different rela-
tionships and note the great variability of individual sam-
ples. Table 2 shows the data for glucose remineralization by
the soil samples from Casey in relation to the CO;-gas
exchange. Although the glucose remineralization is gener-
ally less than 100% of the gas exchange, there are excep-
tions, mainly samples with the highest contents of organic
matter. The high values of samples C1, C8, C14 and C28
may reflect the actual available nuirients. Possible cofactors
for metabolizing this material are probably at low concentra-
tions. High levels of organic matter which can be found in
samples of type A (moss cushions with crustose lichens) do
not imply generally high total respiratory activity.

Table 3 presents the relationships between respired CO,
as estimated from total CO,-gas exchange under enhanced
water content, glucose remineralization, and oxygen con-
sumption in centrast to the data from the CO,-gas exchange
under actual water content. The increase in respiration (gas
exchange) from actual to enhanced water content covers a
range between approximately 2.0-2.1 for soil samples and
1.5-1.7 for lichens. Glucose remineralization, i.e., the use of
free available monocarbohydrates, is at most about 60% of
gas exchange. Highest levels are found for soil samples with
high nutrient contents at low temperatures,

The following general results can be drawn from these
tables:

*Gas exchange: The enhancement of mineralization

shows no evident relationship with temperature. Highest

rates can be found in soil samples with high (available)

nutrient content. Lowest rates can be shown for lichen
samples.

*Glucose remineralization: High values can be obtained
from soil samples with high (available) nutrients, The
data show a decrease with increasing temperature. This
also holds true for the lichen samples, Rather stable data
can be shown for samples with low nutrient content, i.e.,
those from barren soils.

*Oxygen consumption: The rates from this method are
intermediate between those from gas exchange and glu-
cose remineralization.

CONCLUSION

Temperature, moisture and substrate quality considerably
influence total microbial activity and mineralization pro-
cesses. This is important for modeling purposes and overall
description of this ecosystem. The data on mineralization do
not show obvious adaptations by these organisms to low
temperatures.

Temperature profiles of the different niches may illustrate
this: The total range of temperature recordings was 0-20°C,
although elevated tzmperatures may occur for short periods
[Bolter, unpublished]. Temperatures in lichens growing on
rock surfaces or moss surfaces show even higher values (to
40°C) [Smith, 1986; Bolter et al., 1989]. The activities show
an adaptation to the whole environmental temperature span
indicating that the microbial population can use this for
active metabolic processes. However, both temperature and
moisture show significant effects on microbial activity
which also respond to substrate quality and availability. This
holds true for all samples, soils and lichens.

The active total COz-evolution, oxygen consumption and
glucose metabolism, i.e., the use of low molecular weight
carbohydrates by small heterotrophs, shows that the micro-
bial population is of great importance in these ecosystems,
The results show that they can contribute to 2 considerable
extent to the total mineralization.

This fact is especially important when taking into account
the comparable data on plant material: Under the assump-
tion that bacteria are a main constituent of the active popula-
tion which is able to use glucose, then it produces a large
part of the CO, which is normally considered to be of plant
origin. This fact, however, needs further investigation by
separating the epiphytic organisms from their source, and
more detailed inspections of the surfaces of plants, detritus
and inorganic matter.
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All-Union Scientific Research Institute, Forest Resources Section, Moscow, U.S.S.R.

ABSTRACT

Atmospheric pollution from the Noril'sk Mining-Metallurgical Complex, in the
form of heavy metals and sulfur components, has resulted in damage to plant com-
munities in the area. Vegetation on over 550,000 ha has been detrimemally affected
by the pollution fallout, primarily sulfur dioxide. Forests (mainly Larix sibirica)
and most lichens have been killed within a 300,000-ha zone around Noril'sk and
extending about 50 km to the south and southeast. Less severe damage to lichens
and vascular plants extends 170 km to the south and 80 km to the east of the pollu-
tion source consistent with prevailing winds during the period of plant growth. Ter-
ricolous lichens are particularly vulnerable to the pollution products and among
vascular plants Larix gmelinii, Picea obovata, Ledum palustre, Calamagrostis sp.,

and Salix lanata show least resistance.

INTRODUCTION

Growth in industrial production characterizes the modem
world and has led to pollution of the environment with toxic
substances, causing deterioration in the condition and loss of
components of plant communities. Pollution effects on for-
est vegetation may be pronounced in regions with extreimne
climatic conditions—such as at forest ecotones in the Far
North. A typical example of this phenomenon is furnished
by the destruction of forest vegetation in the Noril'sk indus-
trial region (NIR).

THE STUDY AREA

The NIR is located in North Krasnoyarsk Krai, on the
right bank of the Yenisey River (Figure 1). The forests stud-
ied are those at the northemn interface of taiga and tundra
[Parmuzin, 1979; Chertovskii and Semenov, 1984]. They
provide habitat for mammals and birds and the very impor-
tant resource base for reindeer and hunting economies. Bod-
ies of water in the region are rich in fish species. The
ecosystems of such forest have little plasticity and res-
torative capability.

The NIR has a subarctic climate with an extended, cold
winter and a short, cool summer with a vegetation growth
period of about 60 days. Northerly winds prevail. Dis-
tribution of trees is in scattered small units or strips, large
stands being infrequent. The average forest cover does not
exceed 40%. The main tree species are Larix sibirica, shift-
ing in the east to L. gmelinii, and also Picea obovata and
Betula pubescens. Forested areas are concentrated mostly in
river valleys and on watershed slopes. These same water-
sheds also include tundra vegetation. The forests have a low
density with small tree crowns, about 25% of the forested
area being represented by open stands. For every unit of
plant biomass there are more photosynthesizing tissues than
in the true taiga.

EMISSIONS PRODUCED BY THE NORIL'SK A.P.
ZAVENIAGIN MINING AND METALLURGICAL
INDUSTRIAL COMPLEX (NMMC)

The economic and social development and ecological
state of the NIR are determined by the activities of the
NMMC. It is the basis of development for the extensive
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Figure 1. Distribution of atmospheric pollution from the Noril'sk
industrial complex.

interriver region of the Siberian Yenisey and Lena rivers,
from the Lower Tunguska in the south to the polar islands of
Severnaya Zemlya to the north. Equal to the vastness of the
region is the extent and negative effect of the complex on
the environment. Atmospheric emissions rank first in terms
of concern due to their negative consequences and their role
as the most harmful form of anthropogenic influence on the
region’s biocoenosis [Kovalev and Filipchuk, 1990]. Pro-
cessing polymetal ores containing large quantities of sulfur
compounds, the enterprises of the NMMC annually give off
around 4.5 million tons of harmful substances, including
more than 2.2 million tons of sulfur anhydride (Table 1).
These substances contribute not only to the regional back-
ground atmosphere, but also enter into air masses that dif-
fuse over wide distances in the Arctic, negatively affecting
the functioning of northern ecosystems as a whole
[Kriuchkov, 1985].

Another source of pollution is the mining of ores used in
the metallurgical processes. This includes the alteration of
local relief and hydrological regimes, the disturbance of
vegetative cover, and associated animal life.

A further source of pollution is discarded drainage water,
the annual volume of which constitutes around 450 million
cubic meters [Kruichkov, 1985). No more than 50% of this
total volume is purified. After purification, drainage waters
contain copper, nickel, titanium, iron, chromium, calcium,
magnesium, sulfur substances, and petroleum products in
quantities substantially exceeding the existing concentration
levels deemed allowable.

EFFECTS ON THE VEGETATION

The greatest threat to forest vegetation .s posed by the
discharge of sulfur-containing gases. These are conven-
tionally divided into two groups: strong autogenous process
gases, readily convertible in the environment to sulfuric and
sulfurous acids, and weak gases (containing less than 3%
sulfur dioxide). Strong gases were first produced by the
complex in 1981 with the introduction of the suspended
fusion furnace {Kovalev and Filipchuk, 1990}. The portion
of strong gases in the total volume of gaseous emissions in
1981 was 5%. In the period from 1981 to 1987 this amount
increased from 5% to 38%, and with the change to autoge-
nous fusion it will reach 50%. Compounding the situation,
in recent years, raw materials with increased sulfur content
have been brought to the complex for processing, which
also influences the increased volume and concentration of
sulfur-containing emissions. Thus, sulfur dioxide will be-
come the main harmful ingredient in emissions into the
atmosphere in the future and, despite an effort to decrease
the volume of emissions, the concentration of sulfur dioxide
will increase.

Plant response to sulfur dioxide, as a result of its con-
centration and the length of time of exposure by the leaves
(needles), can be divided into five degrees: absence of dam-
age, and hidden, chronic, severe, and catastrophic damage.
A number of stands which were determined to be healthy at
the time of observation may include trees with hidden dam-
ige, in which destruction of the physiological-biochemical
processes was already occurring. Chronic damage to trees
exists in all stands affected by emissions, and is manifested
in decreased number of needles, dechromatization of
needles and leaves, and the accumulation of an excessive
number of phytotoxins {Kovalev and Filipchuk, 1990].

Emissions, thousands of metric tons/year

Indicators 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989

Total quantity of

harmful substances

leaving all pollu-

tion sources 2349.0 2666.1 37073 39983 47234 48453 47386 41994 43855 44428
Solids 5295 6057 11148 13146 20085 20673 2369.1 18333 20748 21639
gfnseous ¢ 1819.5 20604 25925 26837 27149 27780 2369.5 2366.1 2310.7 22789

ount o

sulfur anhydride 1752.8 19949 24020 2567.7 2647.7 27243 23252 22443 22423 22164

Table 1. Total emissions of the Noril'sk Mining Metallurgical Complex during the period 1980-1989,
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Severe and catastrophic damage are caused by the relatively
short-lived influence of increased concentrations of phy-
totoxins during so-called "accidental” high level emissions
of harmful substances. Such damage is indicated by exten-
sive yellowing and needle and lcaf loss on trees in limited
areas in just a short time.

INSPECTION METHODS

Overthe last 15 years (since 1976) a periodic aerial sur-
vey of the condition of the NIR's forest vegetation has been
conducted by the Bryansk Specialized Forest-Organizational
Section of the All-Union Scientific Research Institute. In the
surveys, based on the total proportions of damaged (dis-
colored foliage and low proportion of Lve branches) and
dead trees, five categories of stand conditions were for-
mulated: (1) healthy—damaged and dead trees in the stand
constituting less than 10%; (2) weakened—10-25% of the
trees were damaged or dead; (3) severcly weakened—26-
50% of trees were damaged or dead; (4) dying—damaged
trees and dead trees constituted 51-80%; and (5) ruined—
nver 80% damaged or dead trees.

In 1987 a survey of forest conditions was conducted by
the Moscow Aerocosmic Forest-Organizational Section
using spectroscopic air photos with a 1:30,000 scale in the
zone of totally damaged forest and shrub vegetation, and a
1:15,000 scale in the zone experiencing lesser degrees of

damage. On the whole, the data obtained using two inde-
pendent and different survey methods were similar, which
suppoits their reliability.

The Far North Institute for Agricultural Research has also
collected vegetation specimens for chemical analysis. Fifty
test plots were marked at various distances from the pol-
lutant source, beginning at 7 km and continuing up to 25 km
in the direction of prevailing winds during the period of veg-
etation growth. On the test plots a number of geobotanical
and afforestation inspection tasks were performed, including
a selection of 2500 specimens for chemical analysis and
identification of visual indicators of damage to members of
the plant community. To establish a connection between the
level of pollution of an area and the plants' reaction to vari-
ous toxin dosages, correlational analyses were conducted
between the plants' content of heavy metals and sulfur diox-
ide, the distance from the pollutant source, and the degree of
visible damage to the trees, shrubs, grasses, small shrubs,
and lichens.

RESULTS
Response of the vegetation to pollutants
The constant pollution of the biosphere with sulfur and its
compounds and other harnuul substances comprising the
NMMC’s emissions has led to significant destruction of the
forest biocoenoses, their destabilization, and substitution by

Weakened Severely Weakened Dying Ruined Total
1000 ha 1000 ha 1000 ha 1000 ha 1000 ha
Tree Tree Tree Tree
Survey Years | Stands Shrubs  Total | Stands Shrubs Total | Stands Shiubs  Total | Stands Shrubs Total | Total
1976 1339 — 1339 69.6 — 69.6 86.8 —_— 86.8 322 —_— 322 32255
1978 177.9 — 1779 66.8 6.7 73.5 86.3 — 86.3 60.0 -— 60.0 397.7
Growth
1976-1978 +44.1 +39 -0.5 +27.8 +75.2
1980 1333 05 1338 219 —_ 219 | 1379 152 1549 | 1149 14 1163 4249
Growth
1978-1980 -44.0 -51.6 +68.6 +56.3 429.2
1982 93.4 24 95.8 66.5 20 68.5 | 1162 152 1514 | 1184 14 1198 435.5
Growth
1980-1982 -38.0 +46.6 -3.5 +3.5 +8.6
Giguth 104.9 36 1085 69.6 2.0 71.6 923 121 1044 | 1516 9.2 160.8 4453
Wi
1982-1984 +127 +3.1 +17.0 +41.0 4+9.8
61986xh 66.1 38 69.9 98.9 26 1015 38.7 47 434 | 2310 10.8 2418 456.6
TOW
1984-1986 -38.6 +29.9 -61.0 +81.0 +11.3
Included in “Ruined”
1987 114.2 — 1142 | 1280 99 1379 category 278.1 120  290.1 542.5
1989 89.7 4.1 93.8 | 1044 2.7 107.1 59.8 2.8 62.6 | 283.2 184  301.6 565.1
Growth
1986-1989 +239 +5.6 +19.2 +578 | +108.5
Growth
1987-1989 -20.4 -30.8 +74.1 +22.6

Table 2. Dynamics of forest and shrub vegetation in the study area that has been damaged by industrial emssions (data from the Moscow
Aerocosmic Forest-organizational Section).
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other plant associations, the development of pests and dis-
eases, changes in the hydrologic and chemical composition
of waters, soil erosion, and other negative consequences
[Kriuchkov, 1985; Kovalev and Filipchuk, 1990].

According to the 1989 survey data, the total area of
affected wood-shrub vegetation and other vegetation sub-
ject to various levels of damage constituted 565.1 thousand
ha (Table 2). The increase in the damaged area from 1976 to
1989 was 242,000 ha, and in comparison to the 1986 sur-
vey, the affected area had grown between 1986 and 1989 by
108,000 ha or 44.7% of the total increase during the entire
investigation period.

Weakened stands were evident on an area of 93.8 thou-
sand ha, which made up 16.6% of the total area of damaged
forest vegetation. In comparison to the previous survey, the
area increased by 23.9 thousand ha at the cost of damage to
tree stands where signs of phytotoxin influence were not
noted earlier. In 1976 the southern border of such stands
was at a distance of up to 90 km from Noril'sk . In recent
years it has moved south to 170 km and east to 80 km.

Severely weakened stands were noted in an area of 107.1
thousand ha, which in comparison to 1986 is greater by 5.6
thousand ha. An analysis of the movement of the borders of
weakened and severely weakened stands in previous years
indicates that in the greater part of the area, formerly weak-
ened tree stands had become severely weakened ones.

Next in terms of damage level zones and closer to the
pollutant sources are dying tree stands, located on an area of
62.6 thousand ha. In comparison to 1986, their area has
increased by 19.2 thousand ha. The movement of borders
shows that in most cases, severely weakened tree stands
pass into this category. Less severely impacted forest stands
are not being closely monitored. It appears that the area of

these less severely affected forests varies depending upon
the intensity of phytotoxin influence and associated climatic
conditions prior to the period of analysis.

Ruined stands (301,000 ha) are located closer to pollutant
sources than are stands subject to other degrees of damage.
In the last three years, the area of ruined forests has grown
by 59.8 thousand ha. More than all others, those trees that
were dying in preceding years pass into the ruined category,
and sometimes so do severely weakened tree stands. The
boundary of ruined stands has moved from 20 to 120 km to
the soutls of Noril'sk since 1976.

At a distance of more than 120 km to the south of
Noril'sk , changes in forest vegetation conditions occurred
less intensively in the period from 1976 to 1986, but after
1986, further weakening of the forests to the southeast,
northeast, and east of Noril'sk has been noted. This has
probably been brought about by more intensive assimilation
of phytotoxins by the plants associated with the increase in
"strong gases” in the emissions [Kovalev and Filipchuk,
1990].

Results of Chemical Analyses of Specimens

The results of chemical analyses showed that the contents
of copper, zinc, cobalt, nickel, and sulfur in the plants varied
greatly (Table 3), but all in all, for the majority of species,
these quantities were inversely proportional to the distance
from the emission source. A comparison of the visible dam-
age of plants (the number of dead and damaged specimens,
the presence or absence of needles and leaves, needle and
leaf color, etc.) with their pollutant element contents did not
reveal a direct dependency between these indicators.

An analysis of change in condition of the lichen cover
versus the quantity of accumulated elements showed that the

Elements

Plant Groups Copper Nickel Cobalt Zinc Sulfur

Trees 3300 50 0 25 2=100 280 00 B _ 260
Shrubs 80052 2015 Ta=40 2B0_150 20 _ 830
Small Shrubs W0 72 19,50 20 =04 40438 B0 -gs50
Sedges 200 _60 M0 120 - 380_130 -

Grasses 80638 20,150 - 00_ 144 1230 1000
Forbs 20071 2110 =25 8920 B0 - 1610
Lichens 2042 2020 o= 62 2965 800
Plantsof all groups | - 3300_,, 22020 - 100 3048 8880

8 The contrast in pollution levels is shown as the product of the maximum value as the numerator and the minimum value as the

denominator.

Table 3. Comparative variation between maximum and minimum levels of copper, nickel, cobalt, zinc, and sulfur in plants within the study

area (mg kg-! air-dry substance).




number of species, the perccntage of cover, and the phy-
tomass reserve depends on copper, nickel and sulfur content
[Kriuchkov, 1985]. Depending on the condition of the
lichen cover, five zones characterizing pollution of the area
were determined within the survey region: (1) areas of maxi-
mum pollution (’chen desert); (2) severe pollution; (3) aver-
age pollution; (4) slight pollution; and (5) relatively clean
(Figure 1). The pattern of the zones is consistent with the
direction of the pollution plumes, which confirms the impor-
tance of this factor in the transfer of polluted air masses. On
the other hand, topographic features are also significant in
influencing accumulation of pollutants. The terraces of the
Putorana plateau, for example, prevent the penetration of
toxins to the southeast and east; thus only along river val-
leys and lake basins open to the motion of winds blowing
from the complex does pollution penetrate into the mountain
regions.

The zone of maximum pollution (lichen desert) stretches
for 50-55 km in a southeasterly direction, encompassing
almost all of the Rybnaia River valley, and towards the
southern area of Lake Pyasino up to 35 km to the northwest.
The total area of the zone is around 300,000 ha. The forest
cover is made up almost entirely of dead trees and strongly
damaged shrubs {up to 60% of the above ground tissues
dead). The portion of damaged small shrubs and grasses is
75%, and 50% of the rhizomes of grasses and sedges are
dead. Lichen cover is absent.

The zone of sevece pollution extends 50 km to the north-
west and southeast 25~30 km beyond the preceding zone,
occupying approximately 380,000 ha. The vegetation is
characterized by the prevalence in the forest cover of ruined
and dying trees, with 20-50% of the shrubs dying. There are
less severe effects than in the preceding zone within the
grass-small shrub layers. The number of damaged plants is
40% or less. Lichens appear, but their condition is unsatis-
factory, not exceeding 1-5% of the ground cover and with
some species exhibiting morphological changes.

The zone of average pollution is located in the northemn
area of the Khantayskoye reservoir, and it also occupies the
western portions of lakes Lama, Glubokoe, and Keta. The
zone's total area is about 420,000 ha. The forest cover is dis-
tinguished by the presence of up tc 50% dead larch with yel-
lowing spruce needles and birch leaves. The condition of the
shrub and grass-small shrub layers is satisfactory with dam-
aged plants constituting no more than 10%. Lichens include
up to 34 species and cover ranges from 20-40%.

The zone of slight pollution en~ompasses a total area of
460,000 ha to the west of the I ..tokoisk Rock Range, to
south of Lake Khantayskoye, and the eastern areas of lakes
Lama and Glubokoe. The vegetation is practically without
signs of damage, and only in the forest canopy are larch
with yellowing needles noticeable. Lichens are well devel-
oped with plants of average size and cover increasing up to
70%; more than 34 lichen species were noted.

The boundaries of the weak pollution zone are not estab-
lished, and these pass into a relatively clean zone where the
plants show no visible signs of damage; lichen cover is dis-
tinguished by considerable species variety—up to 96 spe-
cies—and cover reaches 80-90%. Metal content is almost at
background level.

The defined zones have no clear boundaries in terms of
distance, and between them there are some intermediate

strips which may be more or less extensive. The zones are
not constant in terms of time, and their boundaries ray
blend together depending on variation in the volume of
industrial emissions and the self-cleansing capability of nat-
ural communities. In the future, redistribution of the areas
may occur both in terms of poliution levels and damage to
plants.

CONCLUSIONS AND DISCUSSION

The aggregate effect of anthropogenic factors, primarily
atmospheric emissions, has led to damage and destruction of
the vegetative cover on the tundra and forest tundra in North
Krasnoyarsk Krai in an area of 7.4 million ha [Kriuchkov,
1985). The total area of dead and damaged forests in the
NIR, which were previously important for hunting, as rein-
deer pastures, and as recreational zones for residents of
Noril'sk , exceeded 0.5 million ha in 1990. The area of bod-
ies of water that have lost their importance for fishing
exceeds 200,000 ha, including Lake Pyasino and its system.
The negative consequences of the atmospheric pollution do
not stop with these losses due to the degradation and
destruction of entire plant associations. Active circulation of
accumulated pollutant microelements in natural mediums
along the food chains will create a serious threat to living
organisms, including man,

A combination of various survey techniques should be
incorporated into local forest monitoring programs. These
should include geobotanical, floral, and morphologic meas-
urements as well as biochemical and physiolngical analyses
of plant, soil, air, and water,

Visual signs of damage appear on the majority of plants
with associated concentrations of chemically active harmful
substances following a relatively long period of exposure to
pollutants. Resumption of normal life rrocesses for such
plants or communities is often impossible, even with the
removal of the pollution source. Therefore, to identify the
early response of plants to the influence of industrial emis-
sions, it is neceesary to find suitable biological indicators
that will reflect the presence of damage at different stages.
Arboreal lichens are generally recognized as bioindicators
of pollution levels, but their limited distribution in the NIR
restricts their use in this capacity. Ac:ording to the results of
our research and that of others [Kriuchkov, 1985), it has
been established that temricolous lichen species and Larix
gmelinii are particularly sensitive to pollution. Other plant
species that readily accumulate heavy metals and sulfur are
Picea obovata, Ledum palustre, Calamagrostis sp., and
Salix lanata.

The delineation of pollution zones based on the buildup
of harmful microelements in lichens (as determined by
chemical analyses) coincides with the categories of forest
conditions determined on the basis of visual indicators.
However, only the accumulation of elements in plant tissues
may serve as a reliable indicator of areas of heavy metal and
sulfur dioxide pollution. Assessment of atmospheric pollu-
tion 12vels according to surface damage indicators may not
be totally reliable; however, the appearance of damage and
apparent outward plant reaction are indicative of unfavor-
able ecological conditions.
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The Natural Background Disturbance in the Soviet Far East
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ABSTRACT

The natural system development of the Soviet Far East dates back to the paleo-
lith, It accelerated more and more, and strong anthropogenic pressure is now evi-
dent. The main parts of the ecosystems appear to have changed as a result. We have
elaborated specific methods of ecosystem disturbance assessment. Measurement of
a natural scale was adopted; this scale is based on the period necessary to the
changed landscape restoration until climax. Assessments for the Amur, Kamchatka,
Khabarovsk, Magadan, Prymorie, and Sakhalin regions have been made.




Sexual Reproduction of Arctophila fulva and Seasonal Temperature,
Arctic Coastal Plain, Alaska

J. D. McKendrick
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University of Alaska Fairbanks, Palmer, Alaska, U.S A.

ABSTRACT

Arctophila fulva is an indigenous grass with circumpolar distribution. It occurs
in Alaska's boreal and arctic environments, usually as an emergent aquatic. An
intensive 5-year investigation of Arctophila fulva began in 1985 to determine its life
history and environmental characteristics. Evaluations of environmental character-
istics included recording hourly temperature means of soil/mud, water, and air dur-
‘ng the growing season. Ten Coastal Plain Province sites and one Brooks Range
foothills site were included in the 1986-1989 temperature monitoring project.
Observations in the Alaska Range were done in 1987-1989.

Initial evaluation of sexual reproduction in 1985 indicated no seed formation
occurred in Arctophila fulva colonies on the coastal plain during that year. Florets
were in anthesis at or near the end of growing season. However, sexual repro-
duction occurred in the northern foothills of the Brooks Range where seeds matured
pefore the coastal plain plants reached anthesis. Foothill stands of Arctophila julva
produced seed each growing season of our study. Low to no success in sexual
reproduction continued for coastal plain stands of Arctophila fulva during 1986 and
1987. Seed formation was observed in plants on the coastal plain that were pro-
tected by a plexiglas shelter in 1988. During the 1988 grcwing season, few seeds
were found in inflorescences from one natural stand on the coastal plain, and one
stand oi the margin of the foothills (about 35 miles inland) produced seed. In 1989,
25 stands of Arctophila fulva on the coastal plain produced seed, probably due to
elevaied growing season temperatures and perhaps extension of the growing sea-
son. During 1987-1989, sexual reproduction was consistently successful for Arc-
tophila fulva growing in the Alaska Range.

Because sexual reproduction success for plants in the Arctic is often poor, plants
in this regicn are believed to persist mainly by vegetative propagation. The lack of
sexual reproduction may limit the gene recombination opportunities and genetic
diversity. Also, the scaccity of seeds ~ffects tl.c rate and diversity of species avail-
able to colonize barren sitcs. It appears that warming of the Arctic could affect the
quantity and perhaps the diversity of seed produced by indigcnous arctic plants.
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In the Footsteps of ReLert Marshail:
Proposed Research of White Spruce Growth and Movement
at the Tree Limit, Ceniral Broeks Range, Alaska

Terry D. Droessler
ManTech Environmental Technology, Inc., US EPA Environmental Research Lab, Corvallis, Oregon, U.S.A.

ABSTRACT

The proposed research will quantify white spruce grov *» and document its
latitudinal stability at the tree limit in the central Brooks Rang. _ver the life span of
the living trees. The goal is to link tree growth and tree position to summer tem-
perature and precipitation. Historical records from 1929 to 1938 from work by
Robert Marshall have been used to identify tree limit sites and provide information
to interpret the present location of the tree limit.

INTRODUCTION

Altitudinal and latitudinal tree limits represent tem-
perature, precipitation or other barriers to species dis-
tribution. Tree limit is defined here as the last living white
spruce (Picea glauca, Voss.) tree, regardless of form, that
could be located at the farthest northern latitude or elevation
in selected drainages of the central Brooks Range. The
present tree limit may indicate the location of a temperature
or moisture limitation that prohibits further species move-
ment. A knowledge of temperature and moisture history and
species movement and growth patiems is important for
understanding the establishment and existence of the present
tree limit. Studying growth and movement rates of trees in
the vicinity of the tree limit will document tree response (o
temperature and moisture change over the life span of living
trees. Predicting tree growth and tree movement in response
to future temperature and precipitation scenarios may then
be poss:ble based on past tree growth and tree movement
relationships to temperature and precipitation.

Indications of accelerated warming have been reported.
Jones et al. [1986] show that the warmest near-surface tem-
peratures over the land and oceans of both hemispheres
between 1861-1984 have occurred since 1980. Jones et al.
[1988] show overall rising global surface air temperature for
1901-1987. Lachenbruch and Marshall [1986] concluded
that the depth to permafrost in the Alaska and Canadian
Arctic has increased in recent decades. Houghton and
Woodwell [1989] state that the greatest warming is expected
to occur at higher latitudes in winter. The warming, accord-

ing to predictions from General Circulation Models
(GCMs), will probably be at least twice the global average
increase [IPCC, 1990).

Several studies of tree limit in the Arctic hive shown
stable to advancing conditions over the last few decades
[Densmore, 1980; Goldstein, 1981; Odasz, 1983; Cooper,
1986; Lev, 1987). If temperatures continue to increase and
moisture is not limiting, the tree limit may advance in lat-
itude and altitude until it is once again in equilibrium with
temperature, moisture or other controlling factors.

One mechanism for tree limit movement is a change in
sexual reproductive success. White spruce tree limit on the
south slope and isolated clusters of balsam poplar (Populus
balsamifera, L.) on the north slope of the Brooks Range,
commonly reproduce by vegetative means only [Edwards
and Dunwiddie, 1985; Lev, 1987]. Increases in temperature
may allow suffici. . time for sexual reproduction to take
place. An increass in temperature would shift the 10°C July
isotherm northward in latitude and higher in elevation.
Movement rates could dramaticall, increase because seed
dispersal distances are far greater than branch or root veg-
etative reproduction dispersal distances.

HISTORICAL STUDIES OF TREE LIMIT IN THE
BRGOKS RANGE
Work by Robert Marshall in the 1930s provides a his-
torical basis for a study of tre2 growth and movement in the
Brooks Range. Marshall undertook tree growth studies in
the North Fork of the Koyukuk, Alatna, znd John River




drainages north of the Arctic Circle near Wiseman, Alaska,
from 1929 to 1939 [Retzlaf and Marshall, 193i; Marshall,
1933, 1970, 1979; Glover, 1986; Brown, 1988]. Marshall
died before he was able to publish any results frem his data
collections, However, Robert's brother, George, donatud the
Robert Marshall Papers to The Bancroft Library, University
of California, Berkeley, in 1979,

Marshall kept detailed field joumnals, including time and
distance records and descriptions of locations where data
were collected. Marshall recorded the location of tree limit
as defined above. His documentation of tree limit locations
have been used to define tree limit site locations that will be
revisited in 1990 (see Table 1). Marshall collected tree
growth and sample plot information at and below the tree
limit. He hypothesized that tre¢ growth was limited by mois-
ture, solar radiation or temperature. Mar-hall's tree limit
descriptions and historical data will help in interpreting data
to be collected in 1990,

Marshall calculated the movement rate of trees from age
and distance data he collected as he approached tree Limit.
White spruce produces seed at approximately age 50. Based
on his observations (advancing tree limit) and calculation of
movement rates, he decided that tree limit was not uni-
versally controlled by climatic factors. Rather, he hypoth-
esized that spruce trees had insufficient time since the last
glaciers receded 10 move to a temperature- or moisture-
controlled tree limit.

Marshall attempted to advance tree limit by prcparing
white spruce seed plots beyond tree limit to see if seeds
would germinate and grow; paired plots were established in
three drainages (Grizzly, Kinnorutin and Barronland
Creeks). The plots were established to verify that tree limit
could still advance, albeit at a rate - .atrolled by tree seed-
bearing age and wind dispersal distances. For example, at
Grizzly Creek, seed collected about six kilometers south of
tree limit was sown approximately 19 kilometers north of
tree limit in 1930. Marshall estimated that if the plots be-
came established, he was advancing t12e limit by about 3000
years (based on the estimated 50 years to reach seed-bearing
age and a seed dispersal distance of 300-370 meters,
roughly a movement rate of 1.6 kilometers in 250 years).
The seed was sown on mineral soil (all vegetation removed)
on ore plot and on existing vegetation on a paired plot.

Marshall revisited the Grizzly Creek plots in 1938 and
found no sign of germination. Samuel Wright visited the
Kinnorutin Creek and Barren'and Creek sites in 1966 and
found no sign of tree growth [Wright, 1969, 1973, 1988].
Several explanations are possible, the foremost being that
the seed source was inappropriate on two of the three plots.
The Barrenlanu Creek seed originated in the Chippewa
National Forest near Cass Lake, Minnesota. The Kinnorutin
Creek seed originated from the Ottawa National Forest and
was obtained from the Hugo Sauer Nursery in Rhinelander,
Wisconsin. In addition, seed viability was not established
for two of the tiree seed sources. The seed may also have
been sown above a temperature- or moisture-controlled tree
limit,

Marshall [1970] described the Barrenland Creek seed plot
location as follows:

"The easterly plot is approximately 12x12 feet. The

ground was sown as was found with white spruce

seeds. About 20 feet upstream, the westerly plot is
approximately 8x8 feet. Seed sown on mineral soil.
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The seeds were collected at Chippewa NF near Cass
Lake, MN. When tested in autumn of 1938 ‘hey
showed a germination rate of approximately 80 per-
cent. The plots were established on July 7, 1939 at
2:15-3:00 PM. The spruce forest at the present
moment has its outpost about a mile north of Amawk
Creek. Previous studies made me calculate it was
advancing at approximately a mile in 250 years. At
tnis rate, and if my seeds developed, the present sow-
ing would be anticipating nature by 2000 yeurs."

Sam and Billie Wright obtained 100 four-year-old white
spruce seedlings from Dr. Leslie Viereck at the Forestry Sci-
ences Laboratory, University of Alaska, Fairbanks, in 1968
[Wright, 1973, 1988; Dr. Leslic Viereck, personal com-
munication]. They were transpoited by bush plane to Sum-
mit Lake, approximatcly eight air miles nomheast of
Marshall's Barrenland Creek site. The Wrights planted the
white spruce seedlings within one of Marshall's original
plots in 1968.

Sam Wright revisited the Barronland Creck planting site
in 1989. He found five living seedlings, which were essen-
tially the same size as at planting [Wright, perconal
communication].

PROPOSED WORK

I propose to revisit some of Marshall's tree limit sites and
collect cores to determine tree age structure and growth
rates. I propose to evaluate tree limit movement over the life
span of living trees by analyzing the age structure from
cores of tree limit trees, Marshall's data will be used to help
interpret tree limit locations proposed for visitation in the
summer of 1990. Enough time has elapsed since Marshall
collected data that small seedlings at the tree limit could
have matured to produce seed.

Hypotheses to be Addressed
Has the tree limit advanced, remained stable or retreated
dusing the recent past (age of oldest living or dead trees)?
Has tree growth increased in response to temperature and
moisture trends?

Tree Limit Sample Lecations

Table 1 shows the approximate latitude and longitude of
the proposed tree limit field sites.

Potential Usefulness of Marshall's Data

The potential uscfulness of Marshall's data is dependent
upon its quality. The actual cores no longer exist, so they
can not be remeasured. Based on Marshall's 1otes, he traced
the position of five-year growth and sometimes annual
growth rings on paper and then measured the increment
from the tracing with a ruler (to 0.0254 centimeter). The tree
age recorded separately from the core tracings should be
reliable.

Marshall's tree limit location descriptions have already
been uscful for planning research site locations and logis-
tics. The tree core data is potentially useful for interpreting
tree limit con-itions. In the absence of physical evidence,
mortality of tree limit trees (natural, caused by fire, etc.) in
the last 60 years could be misinterpreted as an advancing
tree limit if only young trees are found. Both Marshall's
location descriptions and tree age data would be critical for
realizing that mortaiity had occurred.




Location Longitude Latitude
(approximate)

Barronland Creek seedling plot 150° 30' O00"W 68° 00' 00N
North Fork of the Koyukuk tree limit 150° 30' O00"W 67° 58 30"N
Mouth of Emnie Creek 150° 50 O00"W 67° 50 O00"N
Emie Creek tree limit 150° 50'° O00"W 67° 58 00N
Hammond River tree luait i50° 11' 30"W 67° 55 30"N
Clear River tree limit 150° 25" 00"W 67° S51' 30"N
Mouth of Kachwona Creek 150° §52' Q0"W 67° 40' O00"N
Loon Lake tree limit 152° 40° Q0"W 67° 577 O0"N
John River tree limit 152° 1I' O0"W 67° 58 00N

Table 1. Proposed itinerary for August, 1990, in the central Brooks Range. (Additional sites not identified here may be selected while trav-

elling between sites. A tree limit exists in many drainages, not just areas that Marshall sampled.)

Marshall's cores are also potentially important for inter-
preting tree movement over a considerable distance over the
last 60 years, His data would provide information about the
position and age of tree limit trees for comparison with
newly collected cores at current tree limit. An advancement
of more than a couple of mile. may be prohibitive to sample
given time and logistical constraints, so Marshall's location
and age data would be essential for determining the extent
of tree limit movement.

Data Collection

Marshall's recording of tree iimit locations as well as
more recent location information from quad maps will be
used to arrange logistics to get to tree limit. Suitable aircraft
(wheel or float planes are anticipated as available) will be
used to locate tree limit from the air and to transport per-
sonnel and gear as close as possible to it. Substantial back-
packing is anticipated as some of the locations are not close
to landing areas.

Once a t.ee limit site has been located, the location will
be rccorded on quadrangle maps, a description will be
recorded (location, slope, aspect, unique site characteristics)
in the field journal and photographs will be taken. Starting
with the last tree, tree cores will be extracted at (in the vicin-
ity of) breast height and at the base frcm the cross-slope side
of approximately twenty trees. Cores will be stored in
labeled straws which will be stored in rigid containers.

Data Analysis

The goal is to link tree growth trends to temperature and
precipitation trends. The historical data will be used to help
interpret age and growth trends as described above. The data
analysis will elicit the relationship between temperature,
growth and tree limit movement. Specifically: (a) Are there
temperature trends?; (b) Are there growth trends?; (c) Are
there movement trends?; (d) Are there interactions?

The average monthly instrumented temperature and pre-
cipitation data from Bettles, Alaska (and other locations)
will be plotted over time for the length of the record to see if
any trends exist. A further breakuown using growing
degree-days above 5°C or other temperature sums will be
calculated. Adjusted temperature and precipitation using
lapse-rate factors and interpolation may help account for the
elevational and latitudinal differences between the tem-
perature and precipitation at the sample sites and at the

instrumented sites.

Tree cores will be prepared, crossdated and measured
using standard tree ring analyses. The age of tree limit trees
will be determined from tree base cores and used to present
the age structure in the vicinity of the tree limit. The age
structure will indicate if trees have been advancing or stable.
For example, if the age structure shows that trees at the tree
limit are young and that maximum tree age increases in the
vicinity south of the tree limit, the tree limit has advanced. If
the age structure shows that the maximum tree age occurs at
the tree limit, the tree limit has remained stable. The his-
torical records will help clarify the age structure.

Growth indices and temperature and precipitation records
will be analyzed for low-frequency trends. Growth indices
will then be correlated with growing degree-day sums or
other temperature sums and precipitation. Lev [1987] sum-
marized average temperature and total precipitation into 73
five-day pentads throughout the year. Pentads are more flc=-
ible than monthly summaries. The pentads were combined
into seasonal periods of flexible length based on the timing
and the length of periods where tree growth was most
strongly correlated with temperature and prec pitation.

Gates of the Arctic National Park Support

National Park Service staff at Gates of the Arctic
National Park and Preserve have expressed interest in the
historical, educational and research aspects of this proposal.
Logistical support and National Park Service employees will
be provided to assist with travel and field work associated
with the rescarch. A research plan, a preliminary itinerary of
tree limit field sites and a quality assurance plan for data
collection and analysis will be completed for approval by
the Environmental Protection Agency and the National Park
Service before any work begins.
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ABSTRACT

Foresters and natural resource managers have traditionally based long-term plans
(i.e., 100+ year harvest cycles) on the assumption of stable landscapes and climate.
Global climate change undercuts these assumptions and may alter or invalidate
some accepted natural resource management practices and paradigms. Possible
changes in biomass productivity, shifting of forest species' latitudinal or elevational
limits, and rapid changes in forest community soecies and age class composition,
all have major implications for management of the nation's forests.

The USDA Forest Service is undertaking a national research program to assess
rates, significant processes, and management implications of possible climatic
change for the nation's forests and related resources. Pacific Region Forest Service
global change research places major emphasis on understanding and monitoring
forest processes in the northern boreal forest and the sub-arctic taiga of Alaska,
which is potentially "sensitive” to climatic warming and to shifts in precipitation
regime. A major terrestrial carbon pool, taiga forests and organic soils may also be
important in the flux of greenhouse gases between landscape and atmosphere.

Forest Service research emphasizes an ecosystem approach, incorporating land-
scape- and watershed-level field research with smaller-scale studies of forest eco-
system response mechanisms. Ecological monitoring is critical, and includes
establishment of a monitoring mega-transect from northern latitudinal tree line to
mediterranean/dry temperate forest/shrublands. Emphasis is placed on the most crit-
ical Pacific Region ecosystems: northern boreal forest (taiga), moist temperate for-
est, and mediterranean/dry temperate forest (chaparral/southern Ponderosa pine).
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Changes in the Sour<s./3+1k Relationships of the Alaskan Boreal Forest
as a Result of Climatic Warming

J. Yarie and K. Van Cleve
Forest Soils Laboratory, University of Alaska Fairbanks, Fairbanks, Alaska, U.S A.

ABSTRACT

A modified version of the LINKAGES ecosystem simulation model is used to
access the changes in the role of forests in the interior of Alaska to act as a source
or sink of carbon over a fifty-year period. The study area is the Tanana Valley State
Forest (TVSF). The TVSF occupies an area of 5523 hectares along the Tanana
River from the Canadian Border to the confluence of the Tanana River and the
Yukon River.

The current inventory for the TVSF is used to develop a starting state for the
model for ten vegetation classes. The model is run with the current climate until the
current stand age for the various vegetation types is reached. Then a 5°C increase in
mean annual temperature and a doubling in precipitation distributed evenly over the
year is gradually added to the model.

The model was then used to develop an average estimate of the atmospheric car-
bon sequesterin ‘or the current vegetation distribution of the productive forest
typesinthe T " This value was estimated as 392 g m-2 yr-1 for a 490,000-hectare

areg of interior Alaska.

INTRODUCTION

The role of boreal forests in the global carbon cycle is
unclear at this time. The boreal forest could either be a net
source or sink for atmospheric CO;. It has been suggested
that the boreal forest could represent a large sink for
atmospheric CO; [Tans et al., 1990]. Photosynthetic uptake
by high arctic vegetation was thought to produce the large
seascnal amplitude in atmospheric CO, measured at
Barrow, Alaska [Peterson et al,, 1986]. This uptake by the
living plant material combined with the relatively slow de-
composition rates found in the arctic and boreal forests
[Flanagan and Van Cleve, 1983] could result in high latitude
ecosystems acting as a net sink for atmospheric CO,.

The problem of estimating the net effect of the boreal for-
est on the global carbon cycle becoimes one of estimating
the net uptake of carbon in vegetation, the release of carbon
through decompe .ition, and the effect of periodic natural
disturbance on the uptake/decomposition balance over large
land areas. Direct estimates are not viable at this time; there-
fore ecosystem modeling approaches appear to be the best
answer. These modeling approaches can then be applied to

the landscape which is derived from traditional forest in-
ventories of the landscape in question.

Recent inventories of the vegetation of interior Alaska
now give us the potential to start to develop precise es-
timates of the carbon budget over wide areas of the state.
These inventories can be used to define the starting state of
ecosystem models. By using actual inventories to define the
starting state of the model we should be able to develop a
more realistic estimate of the effect of global change on the
carbon cycle for large land areas of the borea’ forest. Recent
forest inventories for interior Alaska have included the
upper Yukon River drainage [Setzer, 1987], the Tanana Riv-
er drainage [van Hees, 1984], and the Susitna River drain-
age [Setzer et al., 1984].

METHODS
The computer model LINKAGES2 [Pastor and Post,
1986] was used to estimate the change in carbon dynamics
over a fifty-year period starting in approximately 1990 and
ending in 2040. The starting climate of the model was set to
the long-term average climate for Fairbanks. A linear



Current  Ending Carbon Balance*
Forest Type Size class Age Age Acreage 1990 2040
(years)  (years) (ha) (Mghal)  (Mg) (Mg ha'l) (Mg)
White Spruce ~ Poletimber 70 120 21,909 12 26,291 1.0 21,909
Sawtimber 150 200 12,182 1.1 13,400 0.8 9,746
Balsam Poplar/  Sapling 10 60 3,727 29 10,808 1.6 5,963
White Spruce  Poletimber 50 100 12,545 10.5 131,722 0.3 -3,764
Sawtimber 125 175 3,591 1.6 5,746 0.4 -2,298
Hardwood Sapling 10 60 45,136 29 130,894 36 162490
Poletimber 75 125 115,045 26 299,117 0.3 -34,514
Hardwood/ Sapling 10 60 111,545 25 278,862 34 379,253
White Spruce ~ Poletimber 50 100 158,364 6.5 1,029,366 0.2 31,673
Sawtimber 125 175 9273 09 8,346 0.3 2,782
Totals 493317 1,934,522 573,240
g Cm2 392 116

T

*Positive values indicate a net uptake of carbon by the vegetation?

Table 1. Estimated Carbon Balance for Portions of the Tanana Valley State Forest in the years 1990 and 2040. These vegetation types repre-

sent 68% of the total forest area of 727,272 ha.

increase was applied to the mean annual temperature and to-
tal precipitation over the fifty-year period of the simulation.
The climate was changed to represent a 5°C increase in
mean annual temperature and a 100% increase in mean
annual precipitation. The increase in temperature and pre-
cipitation was evenly distributed over the entire year.

LINKAGES2 was able to successfully reproduce stand
development and current above-ground biomass, tree basal
area, and foliage biomass for geographic regions in which
the model was calibrated [Pastor and Post, 1986; Yarie,
1989]. This was accomplished by growing individual trees
in relation to the environmental factors of light, moisture,
temperature and nitrogen availability. Ecosystem carbon
dynamics are then estimated by using a carbon concentra-
tion of 45% and applying it to the appropriate above-ground
tree growth and decoraposition processes.

The LINKAGES2 model currently does not estimate
below-ground production. For the purposes of this analysis
it was assumed that below-ground production was equal to
above-ground production. This assumption has been shown
to be generally applicable [Shipley, 1989].

The analysis reported here utilizes forest inventory sta-
tistics [State of Alaska, 1987] reported for the portion of the
Tanana River drainage contained within the Tanana Valley
State Forest (TVSF) to help define cumrent vegetation struc-
ture and vegetation type distribution. Current vegeta'ion
structure was simulated to produce a stand of the appropri-
ate age class (Table 1) prior to applying the climate change
scenario. Ten vegetation classes were defined from the
TVSF inventory report (Table 1). These ten classes repre-
sented 68% of the total area (727,272 ha) of the TVSF. The
additional 32% was occupied by vegetation classes (Black
Spruce (21.2%) and non-forest (10.8%)) that can rot be
adequately modeled by the current version of the
LINKAGES2 model.
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Fire was not included as a factor in the model runs.
Although this restriction is unrealistic it was felt neccssary
because of our current inability to predict which vegetation
types will burn over the next fifty years. The results will be
discussed with regard to this restriction.

RESULTS

Changes in the carbon uptake and release are shown for
the Hardwood/White Spruce Poletimber vegetation type in
Figures 1 through 3. For this type the model was run for an
initial 50 years to generate a hardwood-white spruce pole-
timber stand that could have developed over the past fifty
years. This same procedure was followed for all of the veg-
etation types with climate change occurring at the current
stand age (Table 1). The climate change scenario was
aoplicd over the fifty-year period from year 50 to 100. If
root production is ignored, at stand age 70 this vegetation
type switches from being a carbon sink to a carbon source
(Figure 1). If root production is assumed to be equal to
shoot production then this vegetation type is alwavs a car-
bon sink (Figure 2). The importance of obtaining good
estimates of root production can be seen from this analysis.

The carbon balance for the total area under study is cal-
culated in Table 1. it is estimated that almost 2 x 1012 g of
carbon will be removed from the atmosphere in 1990 over a
land area of 493,300 ha in interior Alaska. This is equivalent
t0 392 g m-2. As these systems age this figure drops to 116 g
m-2 in the year 2040 or a total of 6 x 101! g of carbon in
2040. This later estimate represents an underestimate of the
potential uptake by vegetation from the atmosphere because
some of these systems will burn and revert back to a more
productive state.

Stand development from 10 years following disturbance
to stand age 60, with climate change included during this
period, is shown in Table 2. The model predicts that at ten




HARDWOOD/WHITE SPRUCE POLETIMBER
ABOVEGROUND BIOMASS ONLY
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Figure 1. Net uptake of carbon by the above-ground vegetation
(Input) and carbon release thr tigh decomposition (Qutput) for the
hardwood/white spruce poletimber vegetation class, (Jlimate
change started in year 50 and ended in year 100. When imput ex-
ceeds output the ecosystem acts as a sink for atmospheric carbon
and when output exceeds input the ecosystem acts as & source for
atmospheric carbon.

200 250 300

years following disturbance the Hardwood Sapling vegeta-
tion class will already be sequestering 2.5 Mg ha-1 yr-! of at-
mospheric carbon. This sink goes %0 a maximum of almost
10 Mg ha-! yr! at stand age 30 before dropping to 3.4 Mg
ha-t yr1 at age 60. So for the first 60 years after disturbance
this vegetation type acts as a net sink for atmospheric CO,.

DISCUSSION

The TVSF -as not selected because it is typical of the
interior of Alaska, but because inventory statistics were
available for a relatively large land area. The black spruce
vegetation type is under-represented in the forest and was
not included in this modeling scenario, When compared to
other forest types, black spruce sites pose more difficult
problems 3n trying to predict the effects of climate change
with potential vegetation type changes and significantly
more completed soil dynamics. This analysis can then only
be considered to be representative of the more productive
vegetation types within the .aterior of Alaska.

The importance of obtaining a good estimate of root pro-
duction is obvious (Figures 1 and 2). Depending on the val-
ue assigned for below-ground productivity, the boreal forest
can be shown to be either a source or sink for atmospheric
carbon. For example in the case of the Hardwood/White
Spruce Poletimber vegetation type a 15% reduction in the
amount of root production results in this vegetation type
switching from a net sink to a source for CO; at stand age
100.

Table 1 does not present the total accumulation of carbon
over the fifty-year period but simply indicates the annual
carbon balance for two specific years in the development of
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HARDWOOD/WHITE SPRUCE POLETIMBER
INCLUDING ROOT PRODUCTION
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Figure 2. Net uptake of carbon by the above- and below-ground
vegetation (Input) and carbon release through decomposition (Out-
t) for the hardwood/white spruce poletimber vegetation class.
elow-ground production was estimated as equal to above-ground
production. Climate change started in year 50 and ended in year
100. When input exceeds output the ecosystem acts as a sink for
atmospheric carbon and when output exceeds input the ecosystem
acts as a source for atmospheric carbon.
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Carbon Balance
(Mg ha-1)*

Year

WHhRAIDVOINADN
roabbobiohonin

* A positive number indicates net uptake of atmospheric carton by
the ecosystem.

Table 2. Ecosystem carbon balance for the Hardwood/White
(Sﬁg; Sapling Vegetation Class from age 10 (1990) to age 60

these stands. The sapling size classes will accumulate much
more carbon at the peak of the growth curve than indicated
in Table 1. Table 2 shows the carbon balance values over
the fifty-year period of interest for the Hardwood/White
Spruce sapling vegetation class. From year 10 to 60 the
average yearly balance is 620 g . .2, almost two times
higher than indicated for the two yearly estimates presented




HARDWOOD/WHITE SPRUCE POLETIMBER
ECOSYSTEM CARBON BALANCE
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Figure 3. The ecosystem carbon balance {Input~Output from Fig-
ure 2) for the hardwood/white spruce poletimber vegetation class.
Climate change begins in year 50 (1990) and ends in year 100
(2040), the shaded area. This vegetation type i a sink for
atmospheric carbon for the next fify years.
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in Table 1. At the peak growth phase of this vegetation type
it will capture almost 10 Mg ha-! yr-1. The other two vegeta-
tion types that represent approximately 100% of the study
area will capture about 6.5 Mg hal yr! at age 50 for the
Hardwood/White Spruce vegetation class and 2.5 Mg ha-l
yr-1 for the Hardwood poletimber vegetation class at year
75. The three sapling size class vegetation types will capture
approximately 9 to 10 Mg ha-l yr-1 25 to 30 years after dis-
turbance. These values represent a substantial sink for CO,
in young developing vegetation types.

The effect of disturbance should be a positive one from
the standpoint of carbon balance. A fire will not completely
transform all standing carbon stores to a gaseous state. In
fact the large majority of live standing carbon stores will re-
main on the site after disturbance. It is relativelv rare that
the tree boles will be destroyed in a fire, and the destruction
of the forest floor will also be patchy.

The current area occupied by sapling size class types is
33% of the forest area (Table 1). Another 20% of the area is
classified as black spruce sapling which was not included in
this analysis. This percentage of the area represented by sap-
ling size classes can be considered to be representative of
the long-term fire-dominated age structure of the landscapc.
These values are also consistent with the age structure of
other large areas of land within the interior of Alaska [Yarie,
1981]. The yearly estimates of carbon sequestering for the
sapling size class of the modeled vegetation types is estimat-
ed to be close to 500 to 600 g m2, A true landscape average
may be slightly lower than this value when black spruce
types are included, but burning a black spruce type will re-
sult in an increase in CO; capture for that type by moving
back in succession to a hardwood-dominated stage. De-
composition will increase some but still be primarily limited
by the organic matter chemistry. Therefore old black spruce
systems may be very close to at balance with the environ-
ment and have no effect on atmospheric CO,.

CONCLUSIONS

A modeling analysis was performed for a landscape area
equal to 493,317 hectares of productive forest in interior
Alaska, The analysis indicates that over the next fifty years,
assuming a climate change of 5°C increase in mean annual
temperature and a doubling in precipitation evenly dispersed
over the year, the average rate of carbon sequestering by the
vegetation should be between 392 and 116 g m-2 yr-1. The
actual value should be closer to the upper limit reported here
when the effect of periodic burning is considered.
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ABSTRACT

Anate changes can influence the input of meltwater from the polar ice sheets.
In Antarctica, signatures of meltwater input during the Holocene may be recorded
in the benthic fossils which exist at similar altitudes above sea level in emerged
beaches zround the continent. Interpreting the fossils as meltwater proxy records
would be enhanced by understanding the modern ecology of the species in adjacent
marine environments. Characteristics of an extant scallop assemblage in West

McMurdo Sound, Antarctica, have been evaluated across a summer meltwater gra-
dient to provide examples of meltwater records that may be contained in proximal
scallop fossils. Integrating environmental proxies from coastal benthic assemblages
around Antarctica, over ecological and geological time scales, is a necessary step in
evaluating the marginal responses of the ice sheets to climate changes during the

Holocene.

INTRODUCTION

During the last 10,000 years ("the Holocene™) the Ant-
arctic ice sheet margins have retreated around the continent.
In West Antarctica, the George VI Ice Shelf and Ross Ice
Shelf retreated until 6000 years B.P. [Clapperton and Sug-
den, 1982; Denton et al., 1989]. In East Antarctica, the ice
sheet along Wilkes Land also retreated during the middle
Holocene [Domack et al., 1991]. The above ice sheet
retreats couid have been inflienced by warmer temperatures
in Antarctica, as suggested by the relatively negative 8180
values recorded around 6000 years B.P. in the Dome C ice
ccre from West Antarctica [Lorius et al., 1979].

This warming period that may have influenced the Ant-
arctic ice sheets is thought to have been a global "climatic
optimum" in the Holocene [Imbrie and Imbrie, 1979; Robin,

1983; Grove, 1988]. Although the impact of Holocene cli-
mate changes on the Antarctic ice sheets would be difficult
to detect from the volume of meltwater in the Southern
Ocean [Labeyrie et al., 1986], there may have been melt-
water pulses along the continental margins that could be
used to interpret ice sheet variations. The purpose of this
paper is to consider a database that has yet to be developed
to assess Anrarctic ice sheet marginal melting during the last

10,000 years.

FOSSIL BENTHIC SPECIES IN AN

EMERGED HOLOCENE COASTAL TERRACE

AROUND ANTARCTICA

Fossil deposits in emerged Antarctic beaches have been
recognized since the beginning of this century [David and
Priestly, 1914] and have been used mainly for interpreting
the emergence of coastal areas around the continent. Radio-
carbon ages of these fossils have been derived from ver-
tebrate species which are known to migrate onto land
[Cameron and Goldthwait, 1961; Nichols, 1968], and spe-
cies that are restricted to the marine environment (Table 1),
primarily the bivalve molluscs Adamussium colbecki and
Laternula elliptica. This latter group of species provide
more accurate temporal constraints on beach emergence
because their ranges are limited by sea level.

There are difficulties associated with correcting the "old"
age of the radiocarbon reservoir in the Southern Ocean
[Stuiver et al., 1981; Omoto, 1983; Domack et al., 1989].
There also are gross tectonic differences that exist around
Antarctica [Craddock, 1972]. Because of these reasons, fos-
sils in Antarctic beaches only have been interpreted region-
ally [Clapperton and Sugden, 1982; Yoshida, 1983;
Adarnson and Pickard, 1986; Denton et al., 1989]. The cir-
cumpolar distribution of the fossils (Table 1), however, may
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Location Height! Age? Reference

(m) (4CyrBP)
King George Island Shotton
(62°S, 58°W) 3.5  8790-9670 etal., 1969
Antarctic Peninsula Clapperton and
(72°S, 68°W) --- 6930-7200  Sugden, 1982
Syowa Coast
(69°S, 39°E) 0.8-15 1450-10250 Omoto, 1977
Syowa Coast
(69°S, 39°E) 0.8-15 2040-8370 Yoshida, 1983
Vestfold Hills Adamson and
(68°S, 78°E) - 2410-7,30  Pickard, 1983
Vestfold Hills Zhang and
(68°S, 78°E) 3-15 3500-6000 Peterson, 1784
Explorers Cove Stuiver et al.,
(77°S, 163°E) 0.5-8.1 4620-6350 1981
Terra Nova Bay Stuiver et al.,
(74°S, 163°E) --- 7020 1981
Terra Nova Bay Baroni and
(74°S, 163°E) 0.2-37 1840-6815 Orombelli, 1989

Table 1. Emerged Holocene beach sites around Antarctica.
1Dashes indicate no beach height measurements were made.
2Uncorrected radiocarbon ages determined from marine benthic
invertebrate fossils in the emerged beaches (primarily the bivalves
Adamussium colbecki and Laternula elliptica along with other mol-
luscs, barnacles and calcareous worm tubes).

Location Bivalve Densities! ~ Reference

A. colbecki L. elliptica

#m?)  @#Fm?

Antarctic
Peninsula Stout and
(72°S, 68°W) - 75 Shabica, 1970
Syowa Coast Nakajima
(69°S, 39°E) 112 - etal., 1982
Kerguelen Island
(49°S, 68°E) - 140 Beurois, 1987
Vestfold Hills Tucker and
(78°S, 68°E) several --- Burton, 1987
Terra Nova Bay Taviani and
(74°S, 163°E) 10 - Amato, 1989
Explorers Cove
(77°S, 163°E) 90 - Stockton, 1984
Explorers Cove
(77°S, 163°E) 55 - Berkman, 1990

Table 2. Extant bivalve mollusc densities around Antarctica.
1Dashes indicate no measurements were made.

provide a framework for assessing ice sheet marginal melt-
ing around the continent associated with climate changes
during the Holocene.

ECOLOGY OF AN EXTANT SCALLOP
POPULATION IN AN ANTARCTIC
NEARSHORE MARINE ENVIRONMENT

Adjacent to fossil assemblages in the smerged bcaches
there are extant benthic assemblages which contain the same
species, such as Adamussium colbecki and Laternula ellip-
tica (Table 2). Explorers Cove (Figure 1), at the base of
Taylor Valley in west McMurdo Sound, is a mode! habitat
where A. colbecki occurs as a living population in the near-
shore (less than 3C meters depth) marine environment and as
fossils in the surrounding beaches.

During the summer, meltwater from the sea ice and
nearby glaciers creates a buoyant hyposaline lens at Explor-
ers Cove that extends 5 to 10 meters {Berkman, 1988). Iso-
lated measurements in this meltwater lens indicate that it has
a salinity of 1.5 %o {Jackson et al., 1979) and temperature of
-0.2°C [Stockton, 1984] in contrast to the underlying sea-
water which was 34.2 %o and -1.8°C.

Adamussium colbecki, the Antarctic scallop, was col-
lected from above and below the hyposaline Iens at Explor-
ers Cove from 3 to 27 meters during the 1986-87 austral
summer [Berkman, 1988, 1990]. These scallops provide
information on the impacts of meltwater on nearshore polar
benthic assemblages.

Scallop Population Characteristics

In general, scallop densities were higher and small scal-
lops (<40 mm in shell height) were absent above 10 meters
(Table 3a). A muliiple discriminant analysis [Pielou, 1977]
was used to reduce these data and to expose mutual rela-
tionships of the scallops at different depths.

This multivariate statistical technique is based on a data
set coiposed of n variables and m measurements that is
transformed into a new set of k < n lincarly independent and
additive equations (discriminant functions) which can be
used for classifying the measurements into groups [Green,
1971]. The A discriminant functions are created by sub-
tracting the A eigenvalues across the main diagonal of the B
original variable vectors such that A - AB = 0 [Strang,
1980). Each of the discriminant functions is approximately
distributed as a chi-square [Rao, 1952} and the first discrim-
inant function is inclined in the direction which describes
the greatest variability in the data set [Buzas, 1971).

The multiple discriminant model (Table 3b) of the scal-
lop density and size variables in Table 3a was generated on
an IBM-compatible personal computer with software devel-
oped by Statgraphics Inc. The relative contributions of the
coefficients (variables) in the four discriminant functions are
shown in Table 3c. This model indicates that there were two
distinct scallop groups above and below 10 to 15 meters
depth (Figure 2).

A corresponding depth change in the proportion of scal-
lops (>65 mm in shell height) with epizooic macrofaunal
species on their shells also was observed above 10 meters
(Figure 3). This depth distribution of the epizooic species at
Explorers Cove, including bysally atiached small scallops
which developed from planktotrophic larvae [Berkman et
al,, 1991], may have been influenced by hydrochemical gra-
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Figure 2. Multiple discriminant analysis of the scallop density and
size variables (Table 3a) showing two distinct depth groups rel-
ative to discriminant function 1 which accounted for 82% of the
variability in the data set. Together, discriminant functions 1 and 2
accounted for 92% of the variability with greater than 0.005%
probability (Table 3b).
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Figure 3. The proportion of scallops with and without epizooic
macrofauna (alcyonaria, sedentary polychaetes, molluscs and porif-
era) from different depth ranges in the nearshore ragion at Explor-
ers Cove, Antarctica, during January 1987. Between 11 1o 20
meters and 21 to 30 meters depth, the occurrence of epizooic mac-
rofauna on scallops was not significantly different (X2 =34, N.S.).
However, compared to 0 to 10 meters, epizooic macrofauna were
significantly more common at either 11 to 20 meters (X2 = 29.2, p
< 0.001) or 21 to 30 meters depth (X2 = 16.8, p < 0.001).




SIZE VARIABLES

Mean Skewness Range
(mm) (mm) (mm)
740 -0.39 383 (534 -91.7)
74.8 -142 51.0 (40.5 - 91.5)
742 -0.04 278 (61.2 - 89.0)
74.8 -0.67 36.1 (522 - 83.3)
80.3 024 289 (634 - 92.3)
716 -0.80 46.6 (45.0 - 91.6)
76.8 -0.27 353 (57.2-9295)
73.7 -0.70 331 (514 - 84.5)
764 -1.54 19.1 (63.5 - 82.6)
734 -290 76.7 ( 9.8 - 86.5)
74.4 -0.90 497 (42.8 - 92.5)
69.4 -2.54 809 ( 75- 8.4)
604 -2.17 935 (4.0-97.5)
69.8 -1.80 876 ( 59-93.9)
69.2 -2.03 894 (4.3-93.7)
70.8 -2.36 785 (9.1 - 87.6)
64.6 -1.77 888 (4.5-93.3)
65.1 -145 87.1 ( 54-9295)
594 -1.25 798 ( 6.6 - 86.4)
5§73 .97 769 ( 6.5 - 834)
6438 -1.89 440 (427 - 86.7)
62.6 -1.26 590 (23.5 - 82.5)
55.7 -0.89 846 ( 54 -90.0)
(zero scallops)
Table 3a. Adamussium colbecki density and size characteristics at Explorers Cove, Antarctica, during 1986/1987.
Cumulative
Discriminant Percentage of
Function Eigenvalue Discrimination X2 DF. Probability
1 13.2965 82.07 7691 20 <0.00
. 1.5876 91.87 31.69 12 <0.002
3 1.1657 99.07 15.53 6 <0.017
4 0.1512 100.09 2.39 2 <0.302

Table 3b. Multiple discriminant analysis of variables in Table 3a.

Coefficients Discriminant Functions

1 2 " 4
Mean Size 0.18 -0.39 1.03 0.19
Size Range -1.58 -0.09 1.19 0.7}
Size Skewness -0.40 -0.88 0385 057
Scallop Density 127 -0.09 -0.83 0.57

Table 3¢, Coefficients in the multiple discriminant model.
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dients that inhibited their larval survival in shallow water.
The absence of small scallops and rarity of epizooit spe-
cies, along with the transition between scallop depth groups
above 10 meters, is reminiscent of a physical boundary
influencing nearshore benthic zonation. In east McMurdo
Sound, for cxample, the marked zonation of species in shal-
iow water has been related to the presence of anchor ice
{Dayton et al., 1969, 1970] which may vary over decadal
time scales [Dayton, 1989]. Temperature—salinity gradients
also can influence benthic zonation, as has been obscrved in
estuaries [Carriker, 1951], fjords [Fleming, 1950] and the
Arctic [Andersin et al., 1977; Kautsky, 1982]. If the melt-




.

water lens at Fvnlore @ Cove was influencing the nearshore
benthic zonation in tl.c mobile scallop population, then there
may be corresponding physical-chemical differences in the
scallops, themselves.

Scallop Shell Growth Chronologies

Invertebrate growth chronologies, particularly in bivalve
shells, produce patterns that can be interpreted in relation to
environmental varirtion [Rosenberg, 1980; Lutz and
Rhoads, 1980]. These growth chronulogies also may be pre-
served in fossil bivalves, as has been observed in the Arcl.c
[Andrews, 1971). For these reass:as, it is fortuitous that the
bivalves Adamussium colbecki and Latc nula elliptica are
the most common macrofossils in the emerged beaches
around Antarctica (Table 1).

Seasonal shell growth patterns in A. colbeck from
Explorers Cove indicate individuals that are 100 mm in shell
height live about 12 years {Berkman, 1990]. These scallops
grow faster during the summer than winter, and in each sea-
son there are approximately 12 smaller shell bands (k-igure
4). These intra-seasonal shell bands may coincide with a
bimonthly physical phenomenon, such as the fortnightly
tidal cycle which has been observed around the continent
[Robinson et al., 1975; Lutjeharn:s et al., 1985]. The intra-
seasonal shell hands, which may be less than 100 mm in
width during the winter (Figure %), also can be resolved in
fossil scallops from adjacent emerged beaches (Figure 5).

Sca.iop growth rate changes could be calculated as the
first derivative of the exponential growth curve [Jonzs 1981;
Zguation 13:

dy/dt = ae’kt oy
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Figure 5. Resolution of shell-bands digitized across arbitrary sec-
tions of a modem shell from the nearshore marine environment and
a fossil shell from the adjacent beach at Explorers Cove, Ant-
arctica, based on JEOL JSM-82C Scanning Electron Microscope
images.
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Figure 4. External summer (wid2) and winer (narrow) shell growth banus from the Antarctic scailop, Adamussium colbec’d, imaged with a

JFOL JSM-820 scanning Electre n Microscope.

444




where t is the time "2 years, y is the shell height, ¢ is the
base of the nature icgarithm, k is a constant determined by
curve fitling, ana a = kymax Where ymay is the maximum
shell height. Studying shell growth chronologies may pro-
vide a basis for comparing inter-annual and intra-annual
growth variability in nearshore environments around Ant-
arctica during different periods in the Holocene.

Scallop Shell Composition
Preliminary crystalline and compositional characteristics
of scallops from Explorers Cove have been determined to
provide a basis for interpreting the elemental composition of
the adjacent fossils in relation to meltwater variation. Shells
(75 £ 5 mm in shell height) were scrubbed with a brush and
all remaining epizooic species (such as foraminifera, bryo-

-+ zoans and barmacles) were scraped from the shell surface

using a clean scalpel. The shells were then ultrasonicated in
double distilled demineralized water. The samples were cut
by a diamond surface low-speed rotary saw into 1-cm2 frag-
ments that then were systematically ground for several
hours by an eccentric sliding disc mill. Each bulk shell sam-
ple provided approximately 4 cm3 of fine grained homoge-
nized powder for analysis,

X-ray diffraction records of the shell crystalline char-
acteristics were produced using a Philips 131690 goni-
ometer with an XRG 3100 generator operating at 35 kV and
15 Ma with a Ni-filtered copper target {Berkman et al., In
review]. Atomic absorption analysis of the shell composi-
tional characteristics was produced on the Perkin-Elmer
1100B atomic absorption spectrophotometer with samples
that had been acid digested according to United States Envi-
ronmental Protection Agency SW846, Method 3050
(Springfield Environmental Inc., R, Liptak)., Coulometric

analyses of the carbon phases in the Antarctic scallop shell
were based on the CO, evolved during acid digestion (inor-
ganic carbon phase) and ashing with a muffle fumace at
950°C (total carbon). The evolved CO; gas then was ana-
lyzed with the Model 5011 CO, Coulometer (Coulometrics,
Inc.).

The crystalline characteristics of the Antarctic scallop
shells are shown in Table 4a. Based on a comparison with a
standard synthetic calcite specimen, which has unit cell
dimensions of 4.9898 A and 17.062 A [Swanson and Fuyat,
1953], the principal carbonate phase of the Antarctic scallop
shell was determined to be calcite, However, the larger aver-
age size of the unit cells in the Antarctic scallop suggests
limited isomorphous substitution in the calcite lattice by cat-
ions with ionic radii larger than calcium [Berkman et al., In
review]. As opposed to the interstitial spaces, the elements
within the unit cells would be in the most stable positions in
the calcite matrix. In addition, calcite itself is relatively
stable over time compared to other carbonate phases such as
aragonite [Lowenstam, 1954].

The coulometric analyses indicate that 11.5 £ 0.2% (n =
24) of the Antarctic scallop shell was carbon with organic
carbon concentrations that were not detectable within the
0.3% precision limits of the analyses. The low organic car-
bon concentrations in the calcitic shells of modem Antarctic
scallops suggest that shell decomposition would be minimal
and that elemental signatures of environmental variation
may be preserved in the shells of fossil scallops which occur
in adjacent beaches.

The trace element characteristics of modem shells from
Explorers Cove tended to decrease with depth (Table 4b),
which would support the suggestion that there were phys-
ical-chemical gradients in the nearshore environment at

Unit Cell Axial Crystallite Percent
Dimensions Diameter Calcite
a
& & (um)
5.008 + 0.008 17.14 £ 0.02 1.62 1 0.03 958+ 2.5

Table 4a. Antarctic Scallop Shell Crystalline Characteristics from the Nearshore Environment at Explorers Cove (+ Standard Error; n = 6).

DEPTH
Element 6 meters 10 meters 21 meters
(ppm) (ppm) (ppm)
Iron 190.7£41.2 754+ 152 39909
Mangancse 349+72 18.1+3.2 124110
Copper 12.1£23 9.2+0.3 7.83:0.2
Zinc 70 1.8 48+0.5 30+£0.1
Lead 26101 67110 46106
Nickel 1.2£0.1 271+04 1.9+0.2
Cadmium 03+0.] 0.71£0.1 0.5+0.1

Table 4b. Antarctic Scallop Shell Elemental Composition from the Nearshore Environment at Explorers Cove (£ Standard Error; n = 8),
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« tgure K, Carbon and oxygen isotopic values from homogenized
samples of the outermost summer shell-band in the upper and
iow. shell valves of the Antarctic scallop, Adamussium colbecki,
f-om 6 zad 21 meters depth at Explorers Cove. These analyscs
were conducted in the laboratory of R. G. Fairbanks (Lamont-
Doherty Geological Observatory) with a precision of + 0.05 %o for
the oxygea and + 0.03 %o for the carbon isotopes (n=13).

Explorers Cove that were impacting the scallops. Further
analysis of the elemental constituents across the growing
margins of thie shell with energy dispersive or wavelengtu
dispersive spectrometry would complement the growth anal-
yses and provide further resolution on inter-annual and
intra-annual environmental variations.

Direct evidence for interpreting temperature and salinity
variations may be reflected in the ratio of 1807160 and 13C/
12C in the shell carbonate of the scallops [Eisma et al.,
1976]. However, unlike the 5180 values which appear to be
in equilibrium with the environment [Baroni et al., 1989;
Barrera et al., 1990], the &!3C values may be more difficult
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10 interpret because carbon is not incorporated in isotopic
equilibrium [Broecker and Peng, 1982].

Oxygen and carbon isotopic values, based on homog-
enized samples of the outermost shell-bands from tagged
scallops at Explorers Cove [Berkman, 1990], have been
dewrmined (Figure 6) and were similar to those reported for
the shell margin by Barrera et al. {1990]. The relatively neg-
ative §'80 values in the scallop at 6 meters suggests that it
was exposed to warmer and fresher water than the scallop at
21 meters depth. As a preliminary paleoenvironmental inter-
pretation, it has been suggested that §130 values from fossil
scallops at Terra Nova Bay, Antarctica, reflect the impact of
the climatic optimum during the middle Holocene [Baroni et
al,, 1989].

CONCLUSIONS

Meltwater introduced along the margins of the Antarctic
ice sheets impacts nearshore marine benthic assemblages.
The input of meltwater today, in areas such as Explorers
Cove (Figure 7), is analogous to the influx of meltwater dur-
ing periods of climate warming earlier in the Holocene.

Population, structural and compositional characteristics
of the Antarctic scallop are examples of biological records
that could be used for interpreting meltwater impacts. The
presence of living and adjacent fossil benthic assemblages
in coastal areas around Antarctica (Tables 1 and 2) provides
a foundation for interpreting these biological records in rela-
tion to continent-wide meltwater variations during the last
10,000 years.

Integrating environmental proxies fromn coastal benthic
assemblages in the polar regions, over ecological and geo-
logical time scales, can be used to assess the responses of
the ice sheets to climate changes. This type of integration of
biology and geology is nccessary in developing intemational
climate rescarch efforts, such as the International Geo-
sphere-Biosphere Program.
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EPOS—A New Approach to International Cooperation

G. Hempel
Alfred Wegener Institute for Polar and Marine Research, Bremerhaven, Germany

ABSTRACT

130 marine biologists and oceanographers from 11 Western European countries
participated in the European olarstern Study (EPOS) jointly organized by the Fed-
eral Republic of Germany (through Alfred Wegener Institute for Polar and Marine
Research) and the European Science Foundation. The icebreaking research vessel
Polarstern operated in the Weddell Sea from October 1988 to March 1989. Each of
the three legs was headed by a German scientist in charge and by a foreign sci-
entific advisor.

The first leg started under late winter conditions and was devoted to the role of
the sea ice in the pelagic system and to the sea ice biota themselves. Leg 2 studied
the retreating ice edge and the open water in front of it during spring, particularly
the relation of the phytoplankton blooms to the physical structure and chemistry of
the surface water and to the grazing by krill. Leg 3 concentrated on taxonomy and
eco-physiology of invertebrates and fishes at the sea bed of the eastern Weddell
Sea.

EPOS was meant to provide Antarctic research opportunities to European coun-
tries with little experience in Southern Ocean studies and to foster the exchange of
knowledge and ideas between European marine biologists of different scientific
background and ‘nterests. Therefore, the teams of the various projects on board
were normally multi-national in order to ensure a maximum of interaction. This has
been continued in a number of post-expedition workshops and by international
fellowships.
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Estimation of Matter Fiuxes in the River-Sea and
Ocean-Atmosphere Systems for Okhotsk and Bering Seas

V. V. Anikiev, A. V. Alekseev, A. N. Madvedev, and E. M. Shymilin

Pacific Oceanological Institute, Far East Branch, Academy of Sciences of the U.S.SR., Vladivostok, U.S.SR.

ABSTRACT

The matter fluxes from continental and anthropogenic sources to sea take place
by river discharge and atmospheric precipitation.

The estimation of this flux may be done on the basis of a single concept, but it
has its own specific character in both cases: (1) the time—space changeability of the
matter distribution in sea components is connected with the complex gradients of
hydrophysical, physico-chemical and hydrobiological characteristics of the water
mass, by name "biological barrier"; (2) the "altitude" and stability of this bio-
geochemical barrier are determined by short-period (from seconds up to one year)
geochemical processes; and (3) it is very interesting and important to estimate not
only the matter fluxes on the continent under the motion of water and air, but also
the intensity of accumulation on the biogeoch..nical barrier.

It is necessary to do the next complex of inves. fations on the coast and aquatory
of the Okhotsk and Bering Seas. This will include: (1) the synchronous registration
of physical, chemical and biological characteristics in the river-sea and ocean—
atmosphere systems to determine the transport and transformation of existing forms
of matter; (2) observadons of the distribution of natural and pollutant matter (such
as heavy metals, oil and polycyclic aromatic hydrocarbons, artificial radioisotopes,
etc.) in the estuaries, atmosphere, shelf zones and open sea regions; and (3) calcula-
tions of the natter fluxes between the different components of the sea.




Investigations of Scales of Changeability
of Biogeochemical Processes on the Okhotsk Sea Shelf

V. V. Anikiev, O. V. Dudachev, T. A. Zadonskaya, A. P. Necashkovski, A. V. Pervushin,
S. G. Sagalaev, D. A. Chochlov and V. V. Yarosh
Pacific Oceanological Institute, Far Eastern Branch of the U.S.S.R. Academy of Sciences, Viadivostok, U.S.S.R.

ABSTRACT

Complex investigations of spatial-temporal changeability of biogeochemical
processes and parameters were conducted on the north-eastern shelf of Sakhalin.
They included: (1) transformation of the size and chemical composition of par-
ticulate matter by hydrophysical and biological factors; (2) the shift of equilibrium
into the carbonate system of water masses in relation to variab; ohysico-chemical
and biological parameters; and (3) change of biomass ar .vecies phyto-
zooplankton and the same amount of primary production conne. ~ vith fluctua-
tions of hydrophysical, physico-chemical and biological character-. ' .cs of water
masses.

Observations conducted during the last 3 years in different seasuns, apart from
winter, were by way of polygon survey and daily stations. Mathematical treatment
of the data made it possible to estimate quantitatively *he correlation between separ-
ate parameters and to identify the influence of severa. . .ermal factors on their spa-
tial-temporal changeability: seasonal variations; the significance of the Amur river
discharge; tidal motion of waters; steady circulation; invasion of CO; from low-
temperature hydrothermal sources on the sea bottom.

The obtained Zependencies can be used for forecasting possible ecosystem
changes during the industrial exploitation of the oilfield.
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Long-term Monitoring of Airborne Pollen in Alaska and the Yukon:
Possible Implications for Global Change

J. H. Anderson
Institute of Arctic Biology, University of Alaska Fairbanks, Fairbanks, Alaska, U.S.A.

ABSTRACT

Airborne pollen and spores have been sampled since 1978 in Fairbanks and 1982
in Anchorage and other Alaska-Yukon locations for medical and ecologica® jur-
poses. Comparative analyses of pre- and post-1986 data subsets reveal that acter
1986 (1) pollen is in the air earlier, (2) the multiyear average of degree-days pro-
moting pollen onset is little changed while (3) annual variation in degree-days at
onset is greater, (4) pollen and spore annual productions are considerably higher,
and (5) there is more year-to-year variation in pollen production. These changes
probably reflect directional changes in certain weather variables, and there is some
indication that they are of global change significance, i.e., related to increasing
atmospheric greenhouse gases. Correlations with pollen data suggest that weather
variables of high influence are temperatures during specific periods following pol-
len dispersal in the preceding year and the average temperature in April of the cur-
rent year. Annual variations in pollen dispersal might be roughly linked to the 11-
year sunspot cycle through air temperature mediators. Weather in 1990, apparent
pollen production cycles under endogenous control, and the impending sunspot
maximum portend a very severe pollen season in 1991 4Fhe existing but unfunded
aerospora monitoring program must continue in r to test predictions and
hypotheses and as a convenient, economical indicator of effects of climate change

on biological systems and human well-being in the North.

INTRODUCTION

The dominant trees and shrubs and the grasses, sedges
and some other herbs in Alaska and the Yukon release large
amounts of pollen for aerial transport. The less conspicuous
but ubiquitous molds and other fungi release larger amounts
of spores during most of the snow-free period. These micro-
scopic entities, known collectively as the aerospora, have
been sampled since 1978 in an acrobiology program con-
cemed with immunological, public health and ecological
issues. A central ecological issue is annual pollen and spore
dispersal as a function of certain weather variables and an
indicator or predictor of vegetation responses to directional
changes in those variables, i.e., to climate change.

The aerospora is an important biometeorological phe-
nomenon and a prime candidate for long-term monitoring.
This candidagy is enhanced by the need for data to under-

{
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stand and manage the significant public health probleris
posed by pollen and spores as aeroallergens. It is further
enhanced by the relative ease and low cost of sampling. A
general objective of this article is to indicate potential value
in the continued long-term monitoring of airborne pollen
and spores in Alaska and adjacent Canada.

Although the multiyear data set now available represents
~nly a few years and is only partially analyzed, major

wal and longer-term variations in the aerospora are

>oming evident. Specific objectives of this article are (1)
to introduce some features of the annual variations, (2) to
show changes in annual variations after 1986, (3) to present
a preliminary correlation analysis suggesting specific
weather variables influencing pollen dispersal, and (4) to
discuss possible implications of observed aerospora changes
for short-term climate changes that might be of global
change significance.




This work is strictly preliminary and somewhat spec-
ulative because the lack of funding and investigator com-
pensation has sorely restricted sample processing and
precluded any computerization and efficient analysis of aer-
ospora or accessory weather data.

METHODS

Gravimetric acrial samples were obtained as early as
1978 in Fairbanks [Anderson, 1984], and volumetric sam-
pling with Burkard instruments began there and in Anchor-
age, Palmer and Juneau in 1982 and Whitchorse in 1984
[Anderson, 1983, 1985, 1986). This providcs minimal repre-
sentation for the four most populated bioclimatic regions,
southeastern, south-central and interior Alaska and southern
Yukon. Most of the data . sed in this article derive from the
sampler on the Arctic Health Research Building on the uni-
versity campus in Fairbanks, Anchorage data are from the
sampler on Providence Hospital in 198283 and on the
nearby university administration building since then. With
only one sampler available per region, estimates of within-
site variability are lacking. A region's sampler was located
10 obtain as good a mix of regionally important peiivn and
spore taxa as it would hav... i« the author's judgment, at any
other location.

Servicing the samplers, p ¢ . :-sing samples in the labor-
atory, and microscopy are stanuard or have been described
elsewhere [Ogden et al., 1974; Anderson, 1985]. Basic data
generated for each taxon are daily average numbers of pol-
len grains or spores per cubic meter of air. Sampling begins
in April and continues into August or later, and well over
100 daily samples per location per year are obtained.

Pollen onset day and pollen and spore annual production
are the primary aerospora variables in this article. Onset for
a taxon is defined as the first day of apparently fresh pollen
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Figure 1. Ranges of annual aerial pollen production and peak daily
average concentrations within and between taxa in Fairbanks. See
text for explanation.
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grains followed by continuing and generally increasing
appearances in daily samples. Annual production is the total
of a taxon's daily average concentrations for the season.
Peak concentration for a taxon is its highest daily average
concentration in a season.

No sampling was done in 1979 and 1980. For 1978 and
1981, when gravimetric samplers only were used, and for
1990 for which Burkard samples have not been processed,
volumetric productions were estimated. Estimates were
extrapolations from gravimetric data based on high correla-
tions between gravimetric and volumetric data in eight other
years when both kinds of sampler were used side by side.

The main aerial pollen taxa in Fairbanks and Anchorage
are early alder = Alnus tenuifolia; willow = Salix spp.; pop-
lar/aspen = Populus balsamifera and P. tremuloides; birch =
Betula papyrifera, mostly, and B. glandulosa; alder = Alnus
crispa; spruce = Picea glauca and P. mariana; and grass =
Gramineae, mostly Zalamagrostis canadensis, Bromus iner-
mis and Hordeum jubatum. Lesser taxa allocated to other
pollen are larch = Larix laricina, pine = Pinus contorta,
Juniperus spp., Chenopodium altum, Plantago major, Pru-
nus spp., Shepherdia canadensis, Cyperaceae, Artemisia
spp. and several others. Some snecizs are identified not by
the distinctiveness of their pollen at taat taxonomic level but
by their exclusive or near-exclusive representation in the
surrounding vegetation.

VARIATIONS IN POLLEN PRODUCTION

Figure 1 shows the ranges of aerial pollen production in
Fairbanks between taxa and over the years within taxa, The
left bar for a taxon indicates its lughest annual production,
read on the logarithmic scale, and the year of that pro-
duction. With the year is the percentage of that procuction
of the highest of all, birch in 1987, Lower in each highest-
production bar is the highest peak concentration, also read
on the vertical scale, and its year.

The right bar of each pair indicates the lowest annual pro-
duction of the taxon and year of occurrence. Here the sec-
ond figure is the percentage of the highest production of the
taxon indicated by the left bar. Within each lowest-
production bar is the lowest peak concentration and year.

The following observations concerning Figure 1 are par-
ticularly interesting.

(1) Maximum and minimum annual productions range
widely between taxa. Birch pollen production has been
nearly 100 times the grass maximum, even while grasses are
fairly abundant in the area of the sampler. Spruce trees are
also plentiful, but spruce sollen, the second most abundant
type, has reached only 28 percent of the maximum amount
produced by birch. Minimum productions range from only
60 grains in early alder in 1981 to about 1200 in the upland
alder in 1984 and about 1400 in birch in 1986. Most notable
is the differential variation of pollen production between
taxa through time. The outstandirg example is birch and
alder. While these are botanically close and have nearly
identical seasons, their maximum and minimum productions
occurred in four different years, as did their highest and low-
est peak concenuations. This and other cases of differentiai
variation signify that taxa are responding individualistically
to endogenous and certain external influences, while they
probably are also responding to other environmental var-
iables affecting them simultaneously. %'




(2) There is a wide range of within-taxon variation in pol-
len production over the years. The most conspicuous exam-
ples are birch and spruce with maximum productions
exceeding minimums by 20 and 26 times respectively. The
lcast variation is in grass where the maximum seen so far
has been somewhat less than twice the minimum. Parallel
large differences in within-taxon peak concentrations are
also seen, even while highest and lowest peak concentra-
tions were in different years from maximum and minimum
productions in nine out of the 16 cases.

The complex variability represented in Figure 1 calls for
continued monitoring of the acrospora to determine any
more or less regular patterns of annual variation. One pat-
tern becoming evident in Fairbanks and seen in other north-
emn countries [Andersen, 1980; Nilsson, 1984; Jiger, 1990]
is the biennial cycle of relatively higher and lower pollen
production in alder and birch. There is possibly also a pat-
tern in spruce, with high pollen production every fourth or
fifth year separated by years of much lower production.
Such patterns are presumably under some endogenous con-
trol. Endogenous controls will have to be recognized, pref-
erably through statistical time-series analyses, in order
conclusively to identify separate environmental contiols,
Beyond that, the statistical basis for identifying environ-
mental controls will only improve as the data set grows with
continued aerospora monitoring.

(3) Minimum annual productions in all taxa occurred in
1986 or earlier (Figure 1). Maximum productions occurred
after 1986 except in grass and other pollen. Different behav-
ior by grass from the woody taxa might be expected because
its season is later and it is influenced by different environ-
mental conditions. Other polle1 comprises several woody
and herbaceous taxa flowering frum early spring to late
summer and controlled by several different preceding- and
current-year variables [Solomon, 1979]. The high other pol-
len in 1983 was due largely to unusual production by larch
and pine. That was probably promoted by favorable mid-
growing season weather in 1982 which caused the high
grass production that year (Figure 1).

CHANGES IN POLLEN ONSET

Observation 3 above suggested a comparative analysis of
pre-1986 and post-1986 subsets of the 1l-year data set
available for Fairbanks. Exclusion of 1986 data gave a
prominent time break between the two subsets. Also, poplar/
aspen and birch poller. production were very low in 1986,
probably abnormally so owing to infestations in 1985 of lar-
vae of the aspen tortrix and spear-. : rked black moths.

The variable pollen onset and two associated variables
will be examined, then attention will retun to annual pro-
duction. Table 1 shows that in all taxa the average day of
onset was earlier after 1986 by from four to 12 days. The
average was 7.4 days earlier. The change is greatest in the
earliest flowering taxa and decreases regularly through later
taxa to grass, again behaving independently.

The variable degree-days at onset is an expression of the
early growing season heat input necessary for final floral
maturgtion and pollen release [Solomon, 1979]. Positive dif-
ferences between daily average temperatures and 0°C were
summed to the onset day of each taxon in each year. For a
taxon, the summation is its degree-days at onset for the year.
In general, while onset day has ranged considerably, by

‘om 14 days in spruce to 20 days in early alder and grass,

degree-days at o 1set have been fairly constant from year to
year. This is seen is the low CVs (coefficients of vuriance)
for degree-days at onset listed in Table 1 for pre- and post-
1986 pericds. High~r CVs are associated with the earlier
flowering taxa, but taese are statistical consequences of low
numbers of degree- days,

There have, however, been some noteworthy changes in
the degree-days situation since 1986. In all taxa except birch
and poplar/aspen, essentially unchanged, degree-days as
three-year averages became lower. In willow, spruce and
grass the percentage differences from pre-1986 averages are
probably statistically significant. Furthermore, annual vari-
aiion in degree-days at onset increased after 1986 e~ _2pt in
poplar/aspen and grass. The latter two negative changes
probably are not significant owing to the very low CVs
before and after 1986. In the other taxa the CVs are gener-
ally low as well, especially before 1986. But the changes are
relatively greater, and all these increases might be
significant.

CHANGES IN POLLEN AND SPORE PRODUCTION

Table 2 lists average annual productions for the seven
main pollen taxa plus other pollen before and after * 36.
Excepi for grass, all productions increased. All of the
increases are probably statistically significant, and the big
increases n early alder and birch are especially notable con-
sidering the roles of these as Alaska's major aeroallergens.
Some of the increase in birch pollen might be a function of
the increasing size of several trees relatively near the sam-
pler. However, the abrupt change between pre- and post-
1986 productions is not consistent with gradual tree growth.

In addition to post-1986 pollen production increases, fun-
gus spore preduction has increased substantially too. Much
work remains to be done with available samples and data,
but a comparison for the July 10-31 period was possible.
Average production for this period was higher by 113 per-
cent in two years after 1986 compared with three years
before.

Table 2 indicates the variation from year to year in pollen
production as this is expressed by coefficients of variance.
As predicted by Figure 1, the latter are rather high. They
reflect the considerable ranges of within-taxon annual pro-
ductions expressed by percentages in the right-hand bars in
Figure 1. Lower percentages indicate wider ranges. Linear
regression of the eight post-1986 CVs against the corre-
sponding percentages yielded a respectable negative correla-
tion of r = -0.90. Of the post-2986 CVs, five are higher than
the corresponding pre-1986 values, and of these the poplar/
aspen, birch and spruce CVs might be significantly higher.

The apparent big decrease in willow pollen production
variation (Table 2) is not significant in view of the low CVs
before and after 1986. Grass has hehaved differently again
by being the only taxon *o produce less pollen after 1986,
although not much less, and by exhibiting a substantial
decrease in annual production variation. Other pollen, a
mixture of taxa, exhibits a mixed change, to somewhat
increased production after 1986 with a substantially reduced
production variation.

POLLEN DISPERSAL IN ANCHORAGE
To the extent Ugat work with Anchorage samples and data
has been possiblegchanges in pollen production and timing

similar to those i Fairbanks are evident. Table 3 reports
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Av. Change

Av.

Onset Days DDs DDs

Taxon n Day Earlier °C Change CV% Change
Early Alder

pre-1986 3 427 5 21

post-1936 3 4/15 12 4 -5% 27 29%
Willow

pre-1986 4 53 45 14

posi-1986 3 44 9 33 -20% 42 200%
Poplar/Aspen

pre-1986 6 53 46 1

post-1986 3 4125 8 46 -1% 10 9%
Birch

pre-1986 6 5/12 106 7

post-1986 3 sn 5 107 0.5% 17 143%
Alder

pre-1986 6 5/11 118 3

post-1986 3 sn 4 112 4% 19 533%
Spruce

pre-1986 6 524 448 6

post-1986 3 5120 4 422 % 14 133%
Grass

pre-198¢ 6 6/19 561 3

post-1986 3 6/9 10 477 -15% 2 -33%

‘T'able 1. Pollen unset day characteristics in Fairbanks after 1986 compared with before 1986.

Pre-1986 Post-1986
Taxon n X V% n X CHNG CV% CHNG
Early Alder 5 >172 98 3 886 415% 104 6%
Willow 6 >250 19 4 288 15% 7 -63%
Poplar/Aspen 6 >602 14 4 036 39% 35 1%
Birch 6 5346 42 4 15,357 187% 59 40%
Alder 5 1777 29 4 2227 25% 32 10%
Spruce 6 1843 41 4 3061 66% 97 137%
Grass 3 227 32 3 207 9% 23 -28%
Other Pollen 4 200 45 3 225 13% 9 -80%

Table 2. Average annual polien production and its variation in Fa‘rbanks after 1986 compared v.ith before 1986.

post-1986 increases in the four most important aerial pollen
taxa and in fungus spores. The increase in poplar/aspen pol-
len is greater than in Fairbanks, in birch much less, in alder
somewhat less, and in spruce virtually the same. The enor-
mous increase in fungus spores is certainly an exaggeration
owing to insufficient work with the samples. However, it
does indicate conditions in May considerably more con-
ducive to fungus growth than before 1986. Increased
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warmth and moisture would be mure conducive conditions.

Five taxa in Anchorage (Table 3) exhibit average onset
days earlier after 1986 by numbers of days comparable to
Fairbanks. Poplar/aspen and grass are earlier by the same
amourt in both places, while the other three taxa are rel-
atively earlier in Anchorage than Fairbanks. Actual average
onset days vary moderately and differentially between both
places.




Annual Average  Average
Taxon Prod'n  OnsetDay OnsetDay Days

Increase Before After Earlier
Poplar/Aspen  69% 4121 4/19 8
Bifch 6% 5/12 52 8
Alder 10% 5/15 3 12
Spruce 63% 5125 5/19 6
Grass na &/17 6/7 10
Fungi 1705% na na -

(May only)

Table 3. Some pollen and spore dispersal characteristics in
Anchorage after 1986 compared wit' "+ “ore 1986,

High Low
All Years  Years
Years Only Only

Average Temp. During n= 8 4 4
July 047 0.63 0.69
August 004 003 0.62
Week 1 after Ep,! 0.54 0.15 0.28
Week 2 after E,, 0.76 A87 0.54
Weeks ! and 2 after %y 081 076 048
Weeks 3 and 4 after iy, 044 0.01 0.33
Month 1 after E, 0.78 0.66 0.06
Weeks 1 and 2 after E,2 0.54 0.75 0.52
Weeks 3 and 4 after E, 0.52 0.65 099
Month ! after E, 0.61 0.65 0.82
10 highest-concentration days -0.15  -0.38 £0.99

Table 4. Annual birch pollen production in Fairbanks as a function
of 11 preceding-year temperamne variables,

INFLUENTIAL WEATHER VARIABLES

Exactly which temperature and otiier weather variables
influence pollen production and timing is of central interest.
Identification of specific variables will require systematic
computerized multiple correlation analyses, testing all
potential variables, of the kind done for ragweed in New Jer-
sey by Reiss and Kostir; [1976].

A preliminary pocket-calculator analysis with pollen data
for birch only in Fairbanks yielded rlues to specific influen-
tial temperature variables Prr.-action data for eight years
were used, excluding the esumated productions for 1978,
1981 and 199/). Weather data from tie College Observatory
cn the university campus were used. The ¢ight years' pollen
data as a set were correlated by linear regression with 11
preceding-year teraperature variables (Table 4) and eight
current-year variables (Table 5). The pollen data were then
divided into high- and low-year subsets, and similar correla-
tions performed for the subsets. The reason was the possibil-
ity that actual productions ia high yeass 1re more influenced
by external conditions :han in low years [Andersen, 1980].

Tables 4 and 5 contain a few ncteworthy correlation coef-
ficients as preliminary suggestions of the mnst influential
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High Low
All Years  Years
Years  Only Only

Average Temp. During n= 8 4 4
March 010 034 0.57
April 0.62 0.85 0.90
May 0.24 0.78 0.80
14 days preceding onset 034 046 020
First 10 days of production  -0.66  -0.49 -0.07
rirst 2 weeks of production  -9.6¢  -0.57 -043
5 highest-concentration days -0.71  -0.56 0.01
10 highest-concentration days -0.73  -0.68 -0.26

Table 5. Annual birch pollen production in Fairbanks s & function
of eight current-, ar variables.

temperature variables. There are no correlations where ali
production data are treated together, but there are two or
three in the high- and low-year subset columns. Birch pollen
production in high years correlates with ¢ verage temperature
in the second week after the main birch pollen season in the
preceding year (r = 0.87) and with the average temperature
in April of the cwzrent year (r = 0.85). Production in low
years correlates highly with temperatures somewhat later in
e previous growing season (r = 0.99) and with ‘mperature
in April of the current year (r = 0.90). Most cwious is the
high negative correlation between production in low years
and the average temperature on ten days of highest pollen
concentration in the preceding y=at.

DISCUSSION

Changes after 1986 in five pollen dispersal variables in
two widely separated Alaskan locations are summarized in
Table 6. First, average onset day is earlier in all taxa in both
locations and :nuch earlier, by more than a week, in most.
This reflects probable earlies accumulations of requisite heat
sums, which require higher daily average temperatures after
February, It indicates an increase in growing season lengib
insofar as the growing season doesn't end sooner. A more
usable growing seascn is one of the more significant effects
in the North anticipated with carbon dioxide-nduced cli-
mate charge [Bownng, 1984]. Also, earlier pollen onset
means longer periods of trouble for allergy and asthma
sufferers.

Regarding average degree-days at onset, these are mostly
the same after 1986 as before except for grass. This indi-
cates a constancy of physiological response to one envirou-
mental factor and suggests that changes in other pollen
dispersal variables are environmentally, not internally,
induced.

Table 6 reveals a strong tendency toward increased vari-
ation in degree-days at onset after 1986, althoug: i 4;-ist be
noted again (Table 1) that ihe CVs are based ¢ only 1ree
data each, 1787-1989. If continued aerospora ionitoring
cenfirms . ais increase, then the relatively greater influence
of som:, variable(s) other than cumulative air temperature
will be indicated, These might be soil temperature, partly a
function of snow cover, or soil moisture, largely a funcdon
of precipitation the preceding autumn. Thus the much

L.




Average Average Annual Average Annual
Onset D-Ds at Variation Annual Variation
Taxon Day Onset In D-Ds Production In Prod’'n
E A E E E A E
Early Alder E - n i I - i
Willow E - d I i - D
Poplar/Aspen E E n n i I I
Birch E E n I I i 1
Alder e E d I i i -
Spruce e e d I I I 1
Grass E E D n d - d
Other Pollen - - - - i - D

Table 6. Summary of changes in aerial pollen dispersal characteristics in Fairbanks (F) and Anchorage (A) after 1986. E =much carlier;e =
somewhat earlier; D = significant decrease; d = minor decrease; I = significant increase; i = minor increase; n = no change; - = not available.

needed work with weather data and additional years' pollen
data will Jook for changes after 1986 in, among others, late
winter snow cover and melting and autumn rain.

Probably the most important finding so far from iong-
term aerospora monitoring is the increased pollen pro-
duction after 1986 by all taxa in both locations except grass
in Fairbanks. The increases probably are responses to higher
early through mid-growing season temperatures [Solomon,
1979; Andersen, 1930]. The analysis concerning Tables 4
and 5 implicated average April temperature, and that agrees
with earlier heat sums for pollen onset. Also implicated was
temperature some time after pollen dispersal. The exact
period of greatest preceding-year temperature influence will
vary within taxa from year to year and among taxa in any
one year., However, all periods will probably occur after
early June and before August.

Table 6 reveals a strongly mixed change in annual vari-
ation in pollen production after 1986. Again n values are
low (3 or 4), but some of the data are compelling, par-
ticularly for birch and spruce which exhibited the greatest
production CV increases. In birch 1987-1990 productions in
thousands were 26.7, 6.0, 184 and 10.3 grains per cubic
meter of air. Spruce productions were 7.4, 1.0, 1.3 and 2.6.
These highly variable data, plus the data for poplar/aspen
and possibly early alder, suggest that for these tuxa those
temperature variables influencing pollen production have
become more variable. An additional or alternative possibil-
ity is the relatively -ater influence of some other factor,
e.g., @ Moisture vé.iuuc.

The general increase in allergenic pollen prodiction is,
like the earlier onsets, corroborated by the increased fre-
quency of complaints by allergy and asthma victims [Freed-
man, 1990]. Unfortunately for these persons, but of much
biometeorological interest, a very severe pollen season for
1991 must be predicted, even as early as August 1990, This
prediction is based partly on the extraordinary warmth of
June and July 1990 coupled with adequate, if not abundant
rain. For birch and alder, the "ragweeds” of Alaska, this pre-
diction is also based on their biennial cycles. Since 1985
they have been in phase, with odd-numbered years the high
ones. Great spruce pollen production is alsn predicted for
1991 in Fairbanks because it will be the fourth year since

458

the last very high production (Figure 1). This coordination
of environmental and endogenous influences could cause an
extraordinary pollen season severity, but low early spring
temperatures in 1991 could mitigate the situation,

The weather changes reflected by changes in pollen and
spore dispersal after 1986 constitute a short-term climate
change. Whether this is of global change significance
remains to be proven. It is certain that the rate and mag-
nitude of climate change in these very few years, as
reflected by aeiospora data, are no greater than in several
recorded short-term climate oscillations [Bowling, 1984].

The pollen data are partly congruent with the 11-year
sunspot cycle analyzed by Juday [1984] in terms of its
apparent influence on Alaskan mean annual temperatures.
Indeed, the present data suggest the hypothesis that polien
dispersal variations, mediated by air temperatures, follow
the sunspot cycle. While the low sunspot numbers ending
cycle 21 would have been in 1985 and 1986 [Juday, 1984],
seven of the lowest annual pollen productions or lowest
peak concentrations occurred in those years (Figure 1). Pop-
lar/aspen and birch lows in those years were explained ear-
lier by insect larva damage, but the willow low in 1985 and
the exceptional spruce low in 1986, at only four percent of
the next year's maximum, cannot be so explained. More-
over, 1985 was a relatively low pollen year for early alder
and poplar/aspen and the second lowest for birch, and 1986
was the second lowest for willow and other pollen. Only
grass sustained relatively high pollen production in 1985-86.

The last sunspot maximum was the moderately high and
flat one in 1980, and cormresponding mean annual tem-
perature maxima in Fairbanks were *978 and 1981 [Juday,
1984]. The first pollen data were + "wiined in 1978 and sug-
gest relatively high productions. Indeed, alder pollen in
1978 was possibly almost twice that graphed in Figure 1 for
1989. No pollen data are available for 1979 or 1980. Pollen
production in 1981 was low to intermediate, and that is
inconsistent with the hypothesis that pollen dispersal fol-
lows the sunspot cycle. However, while the mean tem-
perature for 1981 was fairly high [Juday, 1984], the growing
season temperature was one of the lowest on record [Bowl-
ing, 1984]. A low growing season temperature the previous
year, even with a high mean annual temperature, would also




o

have had an inhibiting effect on pollen production by birch
and the other woody perennials as is suggested by the cor-
relations in ‘Table 4.

If polien dispersal foliows the sunspot cycle, then more
or less regular increases and decreases in pollen produciion
and onset day changes should be observed. They are not.
Except for the probable internally influenced production
pattemns in alder, birch and spruce, no regulariry is apparent
in the data. This seems even more inconsistent with the
hypothesis when the pre- and post-1986 data subsets are
examined separately. These represent the downswing of one
sunspot cycle and the upswing of the next. In neither period
is there a hint in any taxcn of a regular decrease of increase.

The fact remains, however, that the highly irregular pol-
len data after 1986 average to earlier onsets and higher pro-
ductions than before. This means that in the second of two
consecutive periods between sunspot maxima and a mini-
mum, when sunspot numbers should have been approx-
imately the same, there was a more vigorous biological
response. This is a hint in a temperature influenced vegeta-
tion functior of "a stairstep increase in temperatures”
[Juday, 1984] that could be occurring with the global
increase of atmospheric greenhouse gases.

It might be that the congruence of low growing season
and mean annual temperatures is more probable during sun-
spot minima. Pollen data for 1985-86 would agree with that.
Conversely, high growing season temperatures might be
more probable in association with high mean annual tem-

peratures at times of sunspot maxima. Pollen data for 1978
would agree with that, but not for 1981. The latter data thus
allow no prediction of growing season temperatures in 1991
and/or 1992, which should see the next sunspot maximum.
Continued aerial sampling to determine pollen and spore
dispersal characteristics in those years will be valuable. It
will test the prediction of pollen season severity made ear-
Lier, which is of much public health interest, and the hypoth-
esis that pollen dispersal roughly follows the 1l-year
sunspot cycle. Beyond that, continued monitoring of the aer-
ospora will have implications for agronomy, beekeeping,
forestry, paleoecology and plant pathology.
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Potential Effects of Global Warming on Calving Caribou

Warren G. Eastland and Robert G. White
Institute of Arctic Biology, University of Alaska Fairbanks, Fairbanks, Alaska, U.S.A.

ABSTRACT

/ Calving grounds of barren-ground caribou (Rangifer tarandus) are often in the
portion of their range that remains covered by snow late into spring. We propose
that global warming would alter the duration of snow cover on the calving grounds
and the rate of snowmelt, and thus affect caribou population dynamics. The ration-
ale for this hypothesis is based upon the following arguments. For females of the
Porcupine Herd, one of the few forages available before and during early calving
are the inflorescences of cotton grass (Eriophorum vaginatum), which are very
digestible, high in nitrogen and phosphorus, and low in phenols and acid-detergent
fiber. The nutritional levels of the inflorescences are highest in the early stages of

phenology and decline rapidly until they are lowest at seed set, about 2 weeks after

being exposed from snow cover. The high nutritional level of cotton grass inflor-
escences is important to post-paturient caribou attempting to meet nutritional
requirements of lactation while minimizing associated weight loss. The pattern of
weight regain in summer is important to herd productivity as female body weight at
mating influences conception n late summer and calving success in spring. There-
fore, temporal changes in snowmelt may have major effects on nutritional regimes

of the female.

INTRODUCTION

Plasticity in timing of calving is a possible adaptation to
environmental changes such as temporal changes in snow-
melt; however, such adaptation may be quite limited, as tim-
ing of mating in caribou is temporally controlled. This
suggests that small changes in snowmelt because of global
warming could have multiplicative effects on the nutritional
regime of the caribou, affecting female fecundity, survival
of calves and, therefc =, herd productivity.

Date of snowmelt across the arctic is earlier than in the
past (Figure 1) [Foster, 1989], but it is uncertain whether
this is attributable to changes in global climate or natural
weather cycles. Timing and duration of snowmelt are of
great potential importance to caribou (Rangifer tarandus
granti) herd productivity because it influences the timing of
emergence and abundance of forage plants for pregnant and
lactating females.

NUTRITIONAL EFFECTS ON
CARIBOU PRODUCTIVITY

Caribou productivity is dependent upon rates of preg-

nancy and calf survival, both of which are dependent upon
female nutritional levels. One of the primary forages of
calving caribou is inflorescences of the tussock-forming cot-
ton grass, Eriophorum vaginatum (Figures 2,3) [Lent, 1966;
Kuropai and Bryant, 1980; Kuropat, 1984]. Immediately
after release from snowcover, Eriophorum inflorescences
begin to elongate (Table 1). Nutritional levels of inflor-
escences are highest at the onset of elongation and decline
steadily untii sced set [Kuropat, 1984}, which occurs within
10 days. Caribou can take advantage of this high-nutrition
forage by calving in areas of extended snowmelt [Fleck and
Gunn, 1982; Eastland ct al., 1989]. Following snowmelt,
early flowering legumes constitute an important dietary pro-
tein source which is followed by rapidly expanding willow
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Figure 1. Date of complete snowmelt at Barter Island, Alaska and
size of the Porcupine Caribou Herd (PCH). Snowmelt da‘a to 1984
from Foster [1929]. Open circles are questionable data, solid cir-
cles represent systematic estimates.

June

lcaves (Figure 2). Plant biomass increases markedly which
maximizes food intake [White and Trudell, 1980] and car-
ibou rapidly change their diet throughout summer to take
advantage of new growih of other vascular plant foliage as it
becomes available. High levels of nutrition result in peak
milk production immediately post calving and, as a con-
sequence, calf growth rate is maximized [White and Luick
1976, 1984; Rognmo et al., 1983; Skogland, 1984; White,
1990]. A high body weight of weaned calves entering winter
is associated with increased survival to yearling age.

Female caribou are less likely to conceive unless they
regain weight, lost during winter and early lactation, in
order to meet a minimum threshold for conception [Thomas,
1982; Reimers, 1983; White, 1983; White and Luick, 1984;
Skogland, 1985; Tyler, 1987; Lenvik et al., 1988; Cameron
et al., 1991]. Therefore the pattem of post-calving maternal
weight gain is important. Maximized weight gains through-
out the summer by "phenological chasing” by caribou in
Arctic Alaska has been suggested frequently [Klein, 1970,
1982; Kuropat and Bryant, 1980; White and Trudell, 1980;
White et al.,, 1981; Kuropat, 1984]; and it involves fol-
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Figure 2. Relative smounts of various forage species used by caribou in spring and summer months. From Kuropat [1984, Figure 3, p. 40).
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Time after removal of snowcover in days

0 1 2
N 22 47 11
X + SD (mm) 602+78 7T722+11.1 856+14.1
range (inm} 44-71 52-94 63-124
95% CU{mm) 59.0-614 71.2-73.2 834-878

Table 1. Eriophorum vaginatum inflorescence lengths after
removal of snowcover. CI = confidence interval,
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Figure 3. Nutrient levels of Eriophorum veginatum inflorescences
and leaves intluding dry maner digestibility (DMD), nitrogen (N),
phcrgols. 15!:2151 acid detergent fiber (ADF). Frem Kuropat {1984, Fig-
ure 5, p. 52).
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Figure 4. Approximate calving dates of representative Alaskan
caribou herds.

lowing the pherological progression of plants, fecding upon
each member of the plant communiiy as it reaches its high-
est level of nutrition andfor biomass. Choice of vegetation
type is important to selecting for species diversity, max-
imizing eating rate and minimizing the intake of chemically
defended plant parts {Kuropat and Bryant, 1980; White and
Trudell, 1980]. Most plants are at their highest levels of
nutrition and lowest levels of antiherbivory compounds
when they are in relatively early stages of phenological
development. Thus any environmental or climate change
that alters plant phenology has implications that could be
important for caribou productivity.

IMPLICATIONS OF GLOBAL CLIMATE CHANGE
ON SNOWMELT AND CARIBOU NUTRITION

Shortened duration of snowmelt could result from global
warming and it may increase emergent vegetation for preg-
nant caribou, but also it will likely truncate the period of
phenological variation in the plant community throughout
early summer, thus reducing temporarily the extent of phen-
ological chasing by caribou. Detrimental effects could be
minimized if caribou have the ability to respond in their tim-
ing of nutritional demands, particularly through temporal
changes in reproduction.

Caribou and reindeer (R. t. tarandus) calving is syn-
chronized with green-up on the calving grounds [Fleck and
Gunn, 1982; Eastland et al., 1989; Skogland, 1989]. Time of
calving is separated by as much as 6 weeks between herds in
Norway [Skogland, 1989] and in Alaska by as much as 3
weeks (Figure 4). Also, for individual females within a sin-
gle herd peak calving date varies between years, but the
time span between first and last calf-drop is much smaller
than between-herd calving times {Skogland, 1989].

If global warming promotes easlier snowmelt, hence ear-
lier green-up, can the timing of calving adapt to match the
change? Under experimental conditions, female caribou cap-
tured as calves and confined on new ranges with earlier
green-up, i.e., that differ from their natal ranges, changed
their timing of calving to match local green-up [R. G.




